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INTRODUCTION 
On this small planet for which mankind must depend 
as its ship on a continuous Journey through space, the 
life sustaining substance of water is plentiful. But 
man is strongly dependent on the distribution and quality 
of this water as it occurs on our sphere. Beyond his 
body needs, man uses water for nearly every major activity 
in his pursuit of life and happiness. It is therefore 
imperative that we understand the occurrence of water as 
it traverses the many devious paths of the earth's 
atmosphere and geologic structure. This endless system 
is commonly referred to as the hydrologie cycle. 
Within the hydrologie cycle of a watershed, the 
process of évapotranspiration (ET) is second only to 
precipitation in the movement of water. Hydrologie 
budgets of watersheds in humid regions, such as eastern 
United States, show that 26 to 28 in. of the more than 
I4.O in. of rainfall is returned to the atmosphere by ET. 
In subhumid regions with precipitation of 2^ to 30 in., 
such as the eastern great plains regions, ET accounts for 
22 to 26 in. from vegetated land. Of course, in more arid 
climates nearly all of the precipitation Is utilized by ET. 
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The processes within the hydrologie system are highly 
interdependent, particularly in the soil-plant-atmospheric 
system which encompasses ET. The rate and amount of infil­
tration are strongly dependent on antecedent soil moisture 
conditions, plant canopy, and soil characteristics. The 
distribution and amount of surface runoff are largely 
dependent on rainfall intensity and infiltration rates. 
Thus, ET not only moves large quantities of water, but it 
also has strong ties to many other factors within the 
hydrologie cycle. 
Evapotranspiration is also the necessary process of 
water expenditure for crop production. Irrigation projects 
in arid regions exemplify this view when lands bearing 
little useful produce are turned into fruitful acreages 
by the purchase and expenditure, through ET, of irrigation 
water. In more humid regions, where natural rainfall 
circumvents this water purchase, the term "expenditure" 
seems less appropriate; however the process of ET for 
production is Just as important. 
The need for understanding the ET process is most 
pronounced in two disciplines, hydrology and irrigation. 
Although ET is the same for both, research and application 
take on a different significance. For irrigation, water 
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is applied when needed in significant amounts, and the 
availability of water seldom limits the amount of ET. 
Under natural rainfall regimes of the hydrologie cycle, 
water input is sporadic, and water availability often 
limits ET, 
Hydrologie studies, historically, have centered on 
measurements and estimation schemes addressed principally 
to those features directly related to design needs. For 
example, stream flow quantities were estimated by statistics 
of long-term measurements in conjunction with empirical 
adjustments based on major influencing factors such as 
precipitation or land management. These techniques avoided 
cause-and-effect relationships, which are often undefined 
or complicated. Recent knowledge has resulted in a trend 
to be more inclusive; thus, intermediate processes such as 
ET and infiltration have gained considerable importance in 
hydrologie studies. Computer modeling of deterministic 
relationships has greatly enhanced statistical design 
approaches. Because of the large magnitude of ET and the 
many interrelations of ET with other hydrologie processes, 
it is apparent that ET has major importance in hydrologie 
mode Is® 
In hydrologie research and modeling of agricultural 
watersheds, the occurrence and movement of water is 
monitored where it is most abundant or is significant to 
k  
man's applications. Thus, we continuously measure the 
amount and rate of precipitation and stream flow, and 
occasionally monitor soil and ground water. Evapotrans­
piration often is not measured, but is estimated by soil 
moisture depletion or as a residual in the watershed 
hydrologie budget. 
The reason for utilizing ET estimates in lieu of 
more precise measurements is found in the nature of the 
ET process. Evapotranspiration involves the phase change 
of liquid water to vapor, and the transport of this vapor 
from the soil or plant surface upward through the turbulent 
boundary layer of the earths atmosphere. Neither the 
phase change nor the turbulent transport are easy to 
directly measure by currently available techniques. 
The required accuracy of daily ET estimates is not 
readily definable; however, for continuity to persist 
through weeks and months of model operation, the accumu­
lative ET estimates must conform closely to actual amounts. 
An operational hydrologie model requires values of daily ET 
quantities of an accuracy that allows adequate charact­
erization of the interrelated variables such as soil 
moisture, infiltration, and percolation. Using average 
daily values for periods of weeks or months has been 
attempted with some success, but the daily variation is 
enough to cause significant deviation in some situations. 
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One set of accuracy criteria could be based on weekly 
soil moisture measurements which have adequate, but yet 
limited, accuracy for hydrologie model definition and 
verification. With a neutron probe, the soil water in a 
6-ft soil profile is definable within about for example 
21.0 ± 1,0 in. in a moderatly wet profile. Daily ET values 
of 0,30 in, would give a weekly accumulative volume of 
2.10 + 0.21 in. (if the accuracy was + 10%), which would 
provide much better volume estimates than soil moisture 
measurements. Accumulative seasonal ET amounts of about 
2i|..0 + 1,20 in, (if the accuracy was + ^ %) would compare 
favorably with good soil moisture measurements. Thus, 
comparable accuracy could be obtained if daily ET estimates 
were accurate to 1$%, weekly volumes accurate to 10%, and 
seasonal volumes accurate to 2 to ^%. 
In summary, it has become obvious in recent years that 
man's quality of life, and perhaps his extended existence, 
is dependent on our understanding and management of our 
water resources. Of particular concern is water used in 
crop production; this use occurs under two similar but 
separable water regimes -- irrigation and rainfall. The 
considerations for this study centered around understanding 
the ET of agricultural watersheds under rainfall regimes. 
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The purpose was to better define ET quantities and 
interrelationships so more precise hydrologie models 
could be developed; and they, in turn, become tools 
for future research and design. Only by understanding 
these naturally occurring phenomena will we be able to 
manage water for the betterment of mankind. 
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OBJECTIVES 
The general objective of this study was to implement 
a procedure for estimating daily actual évapotranspiration 
(ET) from agricultural watersheds which have corn and grass 
crops, loessial soils, and a subhumid climate. 
Specific objectives were: 
1. To study procedures for estimating daily actual 
ET, and to select a method that has good physical basis 
and that feasibly can be implemented on research watersheds. 
2. To obtain data for necessary calculations and 
verifications of daily actual ET. 
3. To develop procedures and mathematical models 
for processes related to ET for routine use in hydrologie 
models. 
ij-. To verify the procedures and models by comparing 
computed results with field observations. 
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LITERATURE REVIEW 
Introduct ion 
To meet the stated objectives, it is necessary to; 
(l) review the techniques of others for estimating 
évapotranspiration (ET) and its relationship to general 
hydrology or hydrologie research, (2) select a method 
that appears best suited to our problem requirements, 
and (3) define the details and assumptions r-f this method. 
In addition, it is interesting, and worthwhile for added 
perspective, to briefly review the historic development 
of ET knowledge. 
It is important to keep in view the bounds of our 
problem. Our general objective was to estimate daily 
actual ET in a subhumid climate (western Iowa) from small 
grass and corn covered watersheds which have deep permeable 
loessial soils. The techniques must be practical within 
the limits of instrumentation and calculations, and 
adaptable to continuous operation from very early spring 
to late fall. 
Numerous applications are made of ET among the several 
disciplines it encompasses. So it behooves us to review 
only those articles and books which have a rather 
direct Interest. We are fortunate in that several good 
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symposia proceedings and comprehensive literature reviews 
have been published in the past 5 to 10 years. These 
provide excellent reviews of principal articles published 
in recent years. Some good examples are Rosenberg, Hart, 
and Brown (1968), Robinson and Johnson (1961), National 
Research Council of Canada (1961 ), American Society of 
Agricultural Engineers (1962, 1966), and Great Plains 
Agricultural Council (1970). Also, several books written 
in recent years very adequately summarize the "state of 
the art" of ET research and applications, such as Chow 
(I96ij.), Rose (1966), Eagleson (1970), and Kozlowski (1968). 
Historical Interest In Evapotranspiration 
Evaporation and évapotranspiration have intrigued 
man for as long as he has wondered about the comings-and-
goings of the rains and rivers. Throughout recorded 
history, scholars wondered why water mysteriously turned 
to vapor and seemingly disappeared into the air. By 3[|.6 BC, 
when Aristotle wrote the first treatise on meteorology, 
evaporation was already generally associated with the 
sun's heat (Biswas 1970, p. 65). Biswas (1970, p. 65) 
reported that Aristotle "...believed that the heat re­
sponsible for evaporation came from the sun and also from 
the 'other heat from above', but he did not explain his 
second source." Leonardo da Vinci is quoted as having 
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written in the late li|00's: "Where there is life there 
is heat, and where vital heat is, there is movement of 
vapor." (Biswas 1970, P« 1^1)» It is apparent that 
little real knowledge about ET had been gained to this 
time. Edmond Halley, a co-founder of experimental 
hydrology in the late l600's reported on experiments 
in evaporation where he explained: "The process of 
evaporation was that if an 'atom of water' was heated 
so that it expanded to become a bubble ten times its 
original diameter, it would become lighter than air and 
consequently rise upwards" (Biswas 1970, p. 223). By 
the late 1700's, pan evaporation was being measured much 
as we now do; and in 1795 Dalton constructed a lysimeter 
(lO-in. diameter, j-ft deep) complete with runoff and 
drainage measurements (Biswas 1970, p. 275). In l802, 
Dalton put forth a generalized theory of vapor pressure 
for estimating the rate of evaporation which is still used 
and which we will consider later in this chapter and in the 
derivation shown in Appendix A (Dalton l802). Several 
equations have been based on Dalton's Law. Some of these 
dating from 1886 to 1958 are listed by Veihmeyer (1961{,). 
The l800's through the first few decades of the 1900's 
were periods of increased observational activity. For 
example, during these years the United States established 
a widespread stream flow and rainfall gaging system. 
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Increased irrigation in the west stimulated interest in 
estimating the ET from irrigated areas in various climatic 
regions and the evaporation from supply reservoirs. 
Thornthwaite and Holzman (19^2, p« 63) quote an article 
by Marsh ( I86I) . ,  p. 2l(. ) in which he states; 
"There is one branch of research which is of 
the utmost importance ... but which, from 
the great difficulty of direct observation 
upon it, has been less successfully studied 
than almost any other problem of physical 
science. I refer to the proportions between 
precipitation, superficial drainage, absorb-
tion, and evaporation. Precise actual measure­
ment of these quantities upon even a single 
acre of grourid is impossible ... ". 
Thornthwaite and Holzman (19l|2, p. 63)  then follow this 
assessment with one of their own by saying: 
"In the intervening years (l86i|-1942, authors 
note) much progress has been made in the measure­
ment of precipitation and run-off, and recently 
much attention has been given to the problems 
involved In the measurement of infiltration into 
different soils and under different forms of 
soil management. But the measurement of evapor­
ation has continued to be impossible, despite 
the fact that it has become increasingly necessary 
as measurements of rainfall, run-off, and infiltra­
tion have been improved," 
Because of measurement complexities, until the late 
1940's nearly all efforts for predicting ET were centered 
around correlations of observed evaporation or ET with 
observations of related variables such as pan evaporation, 
air temperature and air humidity (Blaney and Criddle 1950). 
During the Dalton's law (equation) was still 
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considered to be true, and turbulence theory had become 
better understood from research conducted during the 
early aviation history of the 1930's (Thornthwaite and 
Holzman l9i^-2). The vertical radiant energy budget was 
generally known and considered quite influential. Yet, 
progress toward generalized applications has been slow. 
Dale (1966) states "...despite the voluminous work on 
the ET problem, its use has still not reached common 
operating levels." He continues by asking "...is the 
trouble with the invention, the innovation, or the 
diffusion?" Much of this same stigma exists today but 
instrumentation and computers have allowed further 
advances. 
Evapotranspiration as a Hydrologie Component 
The process of évapotranspiration (ET) can be 
approached from many viewpoints. For example, an 
irrigation engineer views ET as the consumptive use of 
water, a plant physiologist as that process necessary 
for plant growth, and a meteorologist as a source of 
water vapor. To a hydrologist, ET is Just one of the 
processes that results in water movement--a1 though an 
important process. 
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Hydrologists have tried to measure, understand, and 
modify ET for many years. Much effort has been expended 
In attempting to define the principle variables and re­
lationships of ET, and how other hydrologie parameters 
vary if ET is altered. McGuinness and Harrold (1962) 
found that small-area streamflow at Coschocton, Ohio was 
regulated primarily by seasonal ET. Knisel and Baird 
(1969) found they could accurately predict runoff from 
a 3-acre watershed near Riesel, Texas by using a procedure 
which predicted soil moisture from ET-related variables, 
Dreibelbis and Amerman (196I).) related elements of the 
water budget to soil types and agronomic practices by 
their effect on the magnitude of ET, Much of watershed 
management for altering water yields is based upon altering 
the ET from the watersheds. Numerous experiments have been 
conducted, particularly on forested areas, to verify these 
effects (Goodell 1966), 
Hydrologie research is rapidly changing. We are 
moving from a period of observation into the infancy of 
understanding. And one of the most recent factors giving 
new impetus to this direction has been the development of 
computers which have the ability to store and operate 
complicated digital models and to assimilate vast amounts 
of observed data. Hershfield (1966) aptly related 
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hydrologic models and hydrologie research when he stated; 
"With the increasing importance of water conser­
vation, more detailed knowledge of the entire 
watershed is required if it is to be managed for 
optimum development of water resources. The 
need is especially great for increased under­
standing of the fundamental processes that 
operate in a watershed. This understanding can 
h a r d l y  b e  g a i n e d  w i t h o u t  t h e  h e l p  o f  c o m p u t e r s "  
"A model, however, is only a beginning. Solutions 
on paper are meaningless if they cannot be tested 
against observed data*»*." 
"•••The watershed must become a prime observational 
facility." 
Certainly ET has been observed as an important 
component of hydrology. If we are to understand and model 
the hydrologie cycle with an aim of manipulating the 
variables for our benefit, then we must learn to implement 
adequate and feasible measurement and prediction techniques 
Selecting an Approach 
The first, and perhaps most important, step in imple­
menting a method for measuring ET is to select the most 
appropriate method. A cursory review of the literature 
or texts will reveal that numerous methods have been 
developed, tested, and applied. There have been several 
excellent summaries prepared which categorize the more 
prominent methods, for example Veihmeyer (1961}.), Rosenberg 
et al. (1968) ,  and Tanner (1967) .  
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Before discussing the various available methods, it 
will first be useful to briefly review the physics of the 
ET process and the criteria of our situation. Almost all 
basic meterology texts describe the process of ET; for 
example Byers (1959, p. 328) discusses evaporation as do 
Sutton (1953, p. 302), and Rose (1966, p. jd). Evaporation 
and ET are determined by much the same physics and are 
often treated as a whole with modifications inserted when 
necesi>ary. 
In summary, ET is the process of changing water located 
in plants or soil from liquid to vapor, and transporting 
this vapor upward into the atmosphere. Thus, for ET to 
proceed, water must be present in conjunction with energy 
for its phase change, and a transporting mechanism must 
function. Water and energy have the soil and plant surfaces 
as their main point of confluence, and the water vapor is 
moved upward by the turbulent transport processes of the 
atmospheric boundary layer. Tanner (195?) gives a good 
account of this process. This visualization will be useful 
for categorizing the various methods of ET measurement. 
Another point to review before discussing ET methods 
is thû criteria for our application. For hydrologie 
research or hydrologie model verification, we must be able 
to measure or estimate the actual daily ET that has occurred. 
This is to be contrasted with estimating seasonal ET amounts 
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as is done when designing an irrigation project. The 
point to be made is that the method must describe 
day-to-day variation rather than time averaged values. 
This requirement stems from the need to know the soil 
moisture profile status at the begining of each hydrologie 
event; thus, day-to-day soil moisture extraction must be 
known. 
Several references have been mentioned which 
categorize the approaches for estimating or measuring ET. 
Rather than repeat the details, let us simply list the 
more common approaches along with a brief explanation and 
discussion of their value for meeting our objectives. 
Tanner (1967)  gives one of the more complete accounts 
of ET measurement. He lists three classes: (l) water 
balance, (2) micrometeorologica1, and (3) empirical. Let 
us follow his categorization further with comments added 
about their potential application. 
I. Water balance methods; 
A. Catchments--Research watersheds qualify, 
but do not give daily values. 
B. Soil water depletion--daily readings 
would be required with their inaccuracies 
and large labor requirement. Tanner (1967 ,  
p. 536) states that values are useable If 
for sample periods of 1 week or longer, 
but error due to drainage may result. 
C .  Lysimetry--This Is a good time-proven 
approach. Recent developments for 
building large weighing lysimeters with 
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controlled soil moisture tensions have 
added to their success. ET rates for time 
periods as short as one hour are readily 
obtainable. They have two major problems. 
First, good quality weighing lysimeters 
are expensive, and, second, a high level 
of management is required to maintain 
them as representative of a natural site 
throughout a growing season. Maintaining 
comparable soil moisture profiles is 
particularly difficult. 
Micrometeorological Measurements : 
A, Profile methods--These require gradient 
measurements of wind, humidity, and air 
temperature directly above the surface in 
question, plus good definition of the 
wind boundary-layer profile. Tenner (1967 ,  
p. 551) notes that wind profile measurements 
are some of the most difficult to make and 
evaluate. In addition, defining the 
humidity and temperature gradients requires 
precise instrumentation and skill. 
B, Energy balance--These methods follow 
directly from our description of the ET 
process which showed that large quantities 
of energy are necessary for ET. Tanner 
(1957) notes that 2l|0 million BTU are 
required for each acre-inch of ET. This 
heat comes primarily from solar radiation 
but advected sensible heat may also be a 
significant source under certain conditions. 
As shown by Tanner (i960) the complete 
energy balance is quite complicated, but 
usually only the vertical energy balance 
is used and small terms are assumed 
negligible over periods of a day or 
longer. Instrumentation for this approach 
has advanced rapidly in recent years, 
probably the most significant being the 
development of an economical and reliable 
radiometer such as that described by 
Fritschen (1963a, 1965a). This approach 
has been shown to be reliable on an hourly 
and a daily basis (Tanner, I960), but the 
assumptions must be understood (Tanner 1967 ,  
p . 54-6 ). 
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C. Combination methods--Sev8ra1 methods have 
combined the energy balance and aerodynamic 
(profile) methods, primarily to simplify 
required measurements. These combined 
methods possess the strengths of the vertical 
heat budget and the turbulent transfer methods. 
But two sets of assumptions and conditions 
are also imposed. In recent years, the 
Penman method (Penman 19^8, 19^6) has been 
modified to include measured values of net 
radiation, wind travel, and vapor pressure 
deficit, all at one height; plus wind profile 
parameters (Tanner and Pelton I960). This 
method has received considerable attention and 
recent verification over sensitive lysimeters 
showed it to be quite accurate for time periods 
8S short as one hour under advective conditions 
(van Bavel 1966). 
D. Eddy Correlation Methods--These measure water 
vapor in transit in the turbulent air above 
the evaporating surface and, as such, are the 
most direct measurement approach. However, 
instrumentation has not been developed to 
fulfill the necessary requirements of speed 
and accuracy; thus this appro ch remains 
mostly in theory. 
III. Empirical Methods; 
To follow a lead from Tanner (1957, P« 555) in which 
he states "Since this...is concerned with measurement rather 
than semiquantitative guessing, empirical methods are not 
reviewed completely." I neither will review empirical 
methods in detail. During the past 50 years of ET research, 
most effort has been directed toward developing empirical 
methods; several have stood the test of use quite well. A 
note of caution though--most have been used for predictions 
of weeks, months, or seasons rather than days. 
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At a conference In 1966 (Amer. Soc. of Civil Eng. 
1966) many of the more current empirical methods used 
for predicting ET were reviewed. As expected, none are 
readily applicable to daily estimates, particularly when 
used outside the region where they were developed. Tanner 
(1967, p. 355) groups empirical methods into four classes 
according to their dépendance on: (l) radiation 
(2) temperature, (3) humidity, or (Ij-) evapor imeters. 
Methods based on radiation have received considerable 
attention of late, and Tanner (1967, p. 559) groups them 
into two classes: (1) those based on a rational energy 
budget but which rely on empirical approximations to 
utilize existing weather data, and (2) those that are 
completely empirical, such as regression equations. 
Tanner also comments; "Because radiation methods are 
tied more closely to energy supply, they show greatest 
promise for short-term as well as long-term estimates." 
The energy balance methods have a physical basis and can 
be considered in the micrometeorologica1 class; however, 
several of their variables often must be estimated, thus 
their applications become empirically based. The method 
of Penman (l94-8> 1956) was recently well verified by 
measuring all variables (Tanner and Pelton I960, van Bavel 
1966  ) .  
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Direct correlation of net radiation with ET has 
also been prominent in recent years, particularly since 
better net radiometers have become available. Often 
additional variables have been considered, such as air 
temperature. Some recent examples are the work of 
Jensen and Haise (1963) and Linacre (196?). Mustonen 
and McGuinness (1968) correlated measured ET from 
sensitive lysimetsrs with daily air and dew point 
temperatures, wind movement, and solar radiation. For 
more details of empirical methods, the reader is referred 
to more complete summaries such as that, of Veihmeyer 
( 1 9 6 4 ,  p ,  1 1 - 2 6 ) .  
Tanner (1967)  concludes his review of empirical 
methods with the following evaluation: 
"Methods such as those of Penman, Mcllroy, 
Ferguson, and Budyko, which are based on the 
energy balance, appear most valuable, and 
have the widest applicability of all methods, 
particularly when sensible heat transfer from 
the surrounds is large. Shallow and sunken 
pans and methods utilizing radiation (with 
temperature corrections) are the next best 
choice. Radiation methods may be especially 
useful for short-period estimates in humid 
regions where climate is variable. Properly 
installed pans and radiation methods, when 
calibrated, are much preferred over calibrated 
and uncalibrated mean temperature methods." 
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At this point, the question of whether these methods 
are predicting actual or potential ET needs to be discussed. 
This differentiation becomes important for watershed appli­
cations because actual ET is often considerably different 
from potential ET. Water balance methods generally account 
for actual ET because they measure actual water in place. 
Under the micrometeorologica1 class, the profile and eddy 
correlation methods mostly relate to actual ET; but the 
energy balance and combination methods assume adequate 
water present at the surface to utilize the bulk of the 
measured energy. Most empirical methods predict potential 
ET because they were usually developed for irrigated 
situations. However, most of these methods account for 
crop growth; thus, they recognize less than potential ET 
situations until adequate canopy develops, and again as 
the crop matures. Good examples are Jensen and Haise 
(1963, p. 23) and USDA-SCS (1967, pp. 66-88). Some methods 
have also accounted for the lack of soil moisture, as often 
is the case under natural rainfall distribution, in which 
both crop growth and soil moisture effects are involved 
(Shaw 1963, 1964). 
We now have reviewed the major methods available for 
measuring ET, and raised some salient points about their 
application to watershed hydrologie research. Of those 
considered, there are two that stand out as most applicable 
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for day-to-day ET measurement and are worthy of further 
discussion; (l) the water balance method of lysimetry, 
and (2) the micrometeorological combination method. 
Both methods were recently reviewed; data presented 
showed that they provide reliable daily ET values 
throughout the year (Harrold 1966, van Bavel 1966). 
Lysimeters have the advantage of providing actual 
ET measurements, but the representativeness of the values 
is questionable. It is difficult to reassemble a soil 
profile in a lysimeter and to maintain the soil moisture 
profile and crop growth similar to field conditions. 
These are expensive Installations and require considerable 
maintenance of themselves and the immediately surrounding 
area. Infiltration and runoff are often not similar to 
the surrounding field. Lysimeters operate with few 
assumptions to be satisfied and thus can give quite 
reliable results if properly constructed and maintained. 
The combination energy budget-aerodynamic approach 
only provides an estimate of the potential for ET. If 
water availability becomes limiting, additional techniques 
must be used. Tanner and Fuchs (1968) in recent work 
have attempted to add surface temperature to make the 
combination equation applicable to unsaturated surfaces, 
but this Is a difficult measurement and little is gained 
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for general application. Instrumentation is generally 
not a severe limitation although it can be expensive. 
For the Penman method as given by van Bavel (1966), 
four variables need to be measured at a single height 
above the crop -- net radiation, wind travel, air 
temperature, and air humidity. With current electronic 
sensors and recorders, these measurements can be made 
continuously with minimal maintenance. There are 
several assumptions in this approach that impose some 
operating and accuracy limits; such as assuming soil 
heat and photosynthesis negligible, wind profile form 
and stability, and turbulent diffusion coefficients. 
Most of these are not severely limiting for daily 
measurements. 
Of these two methods, the combination energy balance-
aerodynamic method was chosen as the most applicable for 
hydrologie research. Its greatest disadvantage was the 
need to account for the difference between potential and 
actual ET; but ease of instrumentation was an equally 
strong advantage. In addition, this approach offered 
the best opportunity for use of routine météorologie 
data for predictions of future watershed ET and recon­
struction of past ET. This tie to available data becomes 
very important in hydrologie models. 
2k. 
The Combination Equation 
Several forms for combining the vertical energy 
budget with aerodynamic considerations have been 
proposed (see Tanner 1967, p. ^ 69). Most have been 
quite similar. One of the first and the one which has 
probably received the most attention is an equation 
proposed by Penman (19-14.8). Penman (194#, P » 120) 
summarized his method as: 
"Two theoretical approaches to evaporation 
from saturated surfaces are outlined, the 
first being an aerodynamic basis in which 
evaporation is regarded as due to turbulent 
transport of vapor by a process of eddy 
diffusion, and the second being on an energy 
basis in which evaporation is regarded as 
one of the ways of degrading incoming 
radiation. Neither approach is new, but 
a combination is suggested that eliminates 
the parameter measured with most difficulty--
surface temperature--and provides for the 
first time an opportunity to make theoretical 
estimates of evaporation rates from standard 
meteorological data, estimates that can be 
retrospective." 
Penman's concluding equation was of the form 
( H A + E y ) / ( A.+ y ) ( 1 )  
where 
E = evaporation 
H = net radiation 
A = slope of saturated psychrometric 
curve 
y = psychrometric constant 
= f(u) (eg - Gj) 
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where : 
f(u) = a function of the horizontal wind 
= saturation vapor pressure 
ej = existing vapor pressure 
In early uses of this equation, estimates of net 
radiation were made from theoretical solar radiation, 
percent sunshine, reflection coefficient, and estimated 
upward longwave radiation. Values of were also 
empirically estimated. The equation was later extended 
to include plant factors, but Tanner and Pelton (i960) 
reviewed this approach in some detail and concluded that 
it had little basis for general application. One of the 
most significant advances toward more direct application 
came when instrumentation was developed for the direct 
measurement of net radiation (Fritschen 1963a, 1965a). 
A second, and perhaps equally important improvement, was 
the definition of f(u) in the term by using turbulent 
transport theory (Businger 
The  full development of the combination equation is 
somewhat involved and is not readily found in literature. 
However, when making an application of any equation, it 
is important to know its derivation and the associated 
assumptions. The derivation of the combination equation 
is given in some detail in Appendix A. Even there, the 
reader will need some background in micrometeorology and 
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turbulent diffusion to fully appreciate the theories 
applied and their limitations. No attempt was made to 
include the several modifications or additions that have 
been made to the basic equation, such as the plant 
resistance terms or wind profile stability factors 
(Tanner I960, Businger 1959). More detail is given 
concerning the turbulent transport theory because it is 
less clearly presented in the literature than the energy 
budget. 
The final equations of Appendix A, numbers I4.I and 
I4.2, represent the expanded version of Penman's combination 
equation and provide the basic model applied in this 
study for computing a potential ET. The equations are 
repeated and discussed in the section on Procedures, 
The combination equation, as expressed by Penman and 
later modified to include measured variable inputs, has 
received several good reviews, discussions, and reports 
of verification. Tanner and Pelton (196O) wrote a 
particularly good review which included comments on ex­
pected relations of evaporation with évapotranspiration 
and a discussion of stomatal and day-length factors. 
They compared i|.8 days of data from lysimeters with values 
calculated by the combination method for aIfaIfa-brome 
grass cover, and concluded that: 
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"...a suitable estimate of the energy balance 
with the Penman approximation is a valuable 
potential évapotranspiration reference, provided 
that an appropriate wind function and daytime-
nighttime weighting are employed". 
van Bave 1 (1966) reported on a similar comparsion, 
again using sensitive lysimeters to verify computed 
values arrived at by using measured variable inputs. 
He showed representative data from 11 days for alfalfa 
cover, one day for open water, and one day for wet soil. 
Hourly evaporation rates were both measured and calcu­
lated. These hourly values and 2i4.-hour totals were 
compared, van Bavel concluded that his results; 
"...gave excellent agreement for 2^-hour 
totals and acceptable agreement on an hourly 
basis." 
His experiments were conducted under irrigated conditions 
near Phoenix, Arizona where considerable advection occurred. 
The model adequately represented this oasis situation. 
He also verified that use of daily average values for air 
temperature, vapor pressure, and windspeed gave results 
nearly identical to those derived from hourly values. 
Several other recent studies have shown verifications 
similar to those of Tanner and Pelton (i960) and van Bavel 
(1966). Cooley (1969, p. 86) showed that the combination 
method was the best of several methods for determining 
evaporation from an open water surface. Hellickson (1969 ,  
p. 1|9) concluded that, for irrigated plots, pan evaporation 
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was somewhat less reliable for predicting actual ET than 
net radiation or the Penman potential ET method. 
Most research and verification of the combination 
equation has been conducted under conditions suitable for 
near-potential evaporation or évapotranspiration rates. 
Some recent studies, however, have used a modified form 
of the equation which explicitly included a surface 
temperature measurement (Tanner and Fuchs 1968, Fuchs 
et al. 1969). Radiometric thermometers have made these 
surface temperature measurements more possible, but 
applications are yet limited. Of particular interest 
is the fact that good results have been obtained with 
the combination model, even with the somewhat more 
demanding conditions. 
ET Rates Less Than Potential 
The combination equation in its original form and 
many other equations for estimating ET are valid only 
under conditions favorable for obtaining a potential ET 
rate. By our earlier definition, this setting for 
potential ET occurs when water is readily available 
and the limiting ET conditions are the météorologie 
sources of energy. Conditions often exist that meet 
or closely approximate those for potential ET such as 
after irrigation or soon after heavy rains. Ponds, very 
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wet soil, and well-watered green vegetation will supply 
adequate water to meet or approximate the potential ET 
rate. 
In the case of hydrologie investigations under natural 
rainfall regimes, water is often not available in sufficient 
quantities to meet the atmospheric demand. This creates a 
situation where all available energy is not used for 
evaporation but is supplied to other processes in the 
microclimate, such as heating the air, soil, and plant 
canopy. 
Ekern et al. (1967 ,  p. 5^2) gave a good review of 
soil and cultural factors that affect ET. They note that 
vegetation and soil control ET by the same processes, and 
they classify these factors according to; 
1. limiting the water supply to the site 
of evaporation, 
2. reducing the absorption of energy, and 
3. restricting vapor or heat transmission. 
There are many ways of creating one or more of these three 
effects; thus, we will review only a few of the major 
cons iderat i ons, 
Evaporation from a bare soil is described by Gardner 
and Hillel (1962) as a two stage process: "In the first 
stage, the drying rate is constant and depends upon the 
evaporative conditions. During the second stage, the 
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drying rate continuously decreases with time and with 
decreasing water content of the soil." They conducted 
experiments of wetted soil columns and concluded that 
soil drying rates were closely predictable by the 
isothermal flow equation for water in soil, Ekern 
et al. (1967, p. 523) summarized the second stage of 
drying by noting that the rate at which bare soil 
supplies water to the evaporative site (soil surface) 
is controlled by the water content and hydraulic conduc­
tivity of the soil. Many soil properties control the 
soil's ability to hold and transmit water. The reader 
is referred to texts on the subject such as Rose (1966), 
Mil lei (1971) and Klute (1969). 
In addition to physical soil characteristics, there 
are also cultural or management factors that often play 
a significant role in limiting or modifying the soil 
evaporation rate. Bond and Willis (1970) describe the 
effects of varying amounts of straw mulch on soil water 
evaporation and evaporation potential. Bresler and Kemper 
(1970) tested soil crusting effects. Both effects are 
closely related to the farming practices. 
Gates and Hanks (1967)  provide an excellent review 
of plant factors that affect ET. They note that water 
loss from a plant leaf is related to the concentration 
gradient of water vapor between the saturated cell walls 
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of the mesophyll and the f r e o  air beyond the plant. If 
the water supply to the plant is inadequate, the water 
vapor density at the mesophyll will drop below a satur­
ation value, and the resulting transpiration rate will 
be less than potential. This view of a single leaf can 
be extended to a full plant canopy. 
Denmead and Shaw (1962) conducted one of the more 
extensive studies to relate plant transpiration, soil 
water, and plant environment. Corn was grown in 136  
20-gallon containers under controlled watering. Relation­
ships developed from these data showed that actual 
transpiration decreased with decreasing soil moisture 
content and increasing potential transpiration. These 
relations will be considered in the section on actual ET. 
Gardner and Ehlig (1963)  also considered the relation 
between soil moisture and plant transpiration. They 
derived a theoretical relationship between transpiration 
and soil moisture suction, and conducted laboratory 
experiments for verification which involved three soils 
and four plant species. The relationships of transpi­
ration and soil water were similar to those derived by 
Denmead and Shaw (1962). Many general relationships for 
describing conditions which limit potential ET have been 
developed. Most of these have taken the form of relating 
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the ratio actual ET / potential ET to available soil 
moisture by using data from laboratory experiments, such 
as described by Holmes and Robertson (1963). Saxton and 
Lenz (1967) reviewed several of these relationships and 
found there were large differences among them because 
they were derived from many soil types, plant species, 
or Just bare soil. This is apparently a valid approach 
only where calibrations for the specific conditions have 
been made. Many of these empirical relations also consider 
plant development and maturity, such as those given by 
Jensen and Haise (1963). 
Plants can alter ET rates in ways other than limiting 
water supply to the evaporating surface. Some examples 
are variation among plant species, influence on reflected 
light, plant population, plant height, rooting depth, and 
stage of growth (Gates and Hanks I967). The number of 
factors seems overwhelming; however once they are sorted 
according to relative magnitude and actual physical 
processes involved, some degree of order emerges. 
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PROCEDURES 
In this chapter, we will discuss the procedural 
framework which was required prior to instrument ion. 
The general procedures were to first instrument grass 
and corn sites on experimental watersheds in western 
Iowa to provide data for the determination of daily 
potential ST values by the combination method. The 
daily potential values were then reduced to an actual 
ET value by considering plant and soil moisture effects. 
These values were then verified by comparing them with 
measured soil moisture amounts in conjunction with 
measured watershed precipitation and surface runoff. 
Potential ET 
The first step was to develop a "working" form of 
the combination equation developed in Appendix A. Values 
were selected for those terms which were to be treated as 
constants, and measurement methods or estimating schemes 
determined for the other terms. As mentioned in Appendix 
A, it is important to maintain consistent units; thus 
appropriate conversion constants to match the units of 
the recorded values were required. 
3i| 
To begin, the combination equation as developed 
in Appendix A, is repeated and the requirements of each 
term considered. 
(^/y) «n + K L da "a 
Z -d p 
[ In ( _a ) ]2 
E = lo (2) 
( 1 + (Vy) ) L 
where : 
K = - p k I 
P 
The symbols, definitions, and representative units are: 
- 1  
E — potential évapotranspiration rate cm day 
0 1 
A slope of psychrometric saturation 1 ine mb C 
0 -1 
y psychrometric constant mb C 
«n 
= 
net radiation flux 
-2 
cal cm day 
L = latent heat of vaporization 
-1 
cal g 
da = saturation vapor pressure deficit of air mb 
"a windspeed at elevation 
, "1 
m day 
Za 
= 
anemometer height above soil cm 
d 
~ wind profile displacement height cm 
^0 
= 
wind profile roughness height cm 
-3 
P — air density g cm 
P =: ambient air pressure mb 
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k = von Karman coefficient (0.1|l) 
^ = water/air molecular ratio (0.622) 
It is obvious that E represents the potential ET to be 
calculated. A number of the terms on the right can be 
considered constants. These terms and their values are 
y = psychometric constant = 0,66 mb °C 
L = latent heat of vaporization = 5^3 cal g 
p = air density = 1.168 x 10 ^  (2$°C, 1000 mb) g cm 
k = von Karman constant = 0.^.1 
g = water/air molecular ratio = 0.622 
P = ambient air pressure = 1,000 mb 
Of course some of these, such as L, p, and P, are not 
strictly constant, however their variation is slight 
when compared with the other variables; therefore, they 
can be treated as constants in our application without 
significant error. 
The term A is a function of air temperature, and 
values are derived from the differential of the psychro-
metric saturation relation. For application, values of 
A/y versus temperature have been tabulated (van Bavel 
1966), For this study, a polynomial equation was fittec 
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to these values with good success. The predicting equation 
was 
A/y = 0.672 + 4.28 X 10"^ T + 1 .13  X 10-3 j 2  +  
1 .66  X  10"^  t 3  +  1 .70  X  10"?  T^  
Here T, °C, is the weighted average daylight air 
temperature. The averaging technique will be discussed 
in the data reduction chapter. 
Remaining to be considered are the measured variables 
dg and u^, and the wind profile terms Z^, d, and Z^. 
First let us consider the measurable terms, then discuss 
the wind profile characteristics. 
Net radiation, R^, can be measured directly with 
calibrated net radiometers. These are generally shielded 
heat-sensing plates, one facing up and the other down, 
which respond only to radiant energy. Most have a 
hemispheric view and respond nearly equally to all wave 
lengths. For more details on net radiometers, their 
construction, and application, the reader is referred 
to Fritschen (1963a, 1963b, 1965a), Idso (1970), and 
Reifsnyder and Lull (1965) .  
For daily ET, the amount of daily net radiation is 
required. The 2ij.-hour totals include the amount of net 
positive (downward) radiation amounts during hours of 
sunlight, and the amount of net negative (outward) 
37 
amounts at night. The nighttime values represent the 
release of heat stored in the soil and plant canopy 
during the day; thus, if these values are to be neglected 
in the daily heat budget (Appendix A), the nighttime 
radiation must be measured. This removes the diurnal 
error and leaves only the net 2i|.-hour soil and plant 
heat storage as an error, which is usually an insignif­
icant quantity. Thus, the flux rates sensed by net 
radiometers can be integrated for a 2^-hour period to 
give a good measurement of the required daily net 
radiation. 
Vapor pressure deficit, d , is defined as e - e : 
a' s a ' 
that is, the saturated vapor pressure of the air at 
ambient temperature minus the actual vapor pressure at 
ambient temperature (Appendix A). This term is easier 
to define than measure. First the air temperature is 
required, because e^ is a function of air temperature 
only (assuming standard atmospheric conditions) and is 
defined by the saturation line of the psychrometric re­
lation. Next, the existing water vapor must be sensed 
because e^ is a partial pressure determined by the quantity 
of vapor present. Dew point temperature or relative humid­
ity are usually sensed to determine moisture vapor present. 
For uhe combination equation, a suitable time average of 
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the dally d^ values is required. We will defer this dis­
cussion to the chapter on data reduction where we will 
examine some typical diurnal patterns and select an 
averaging technique. 
Horizontal wind travel, u^, is a standard météorologie 
measurement. However, it has a special significance in 
our application. We showed by the derivation in Appendix 
A that vertical vapor transport was related to horizontal 
wind travel; thus, we are employing a measure of the 
horizontal wind movement as an expression representative 
of the turbulent mixing and transport. It is imperative 
to correctly define the wind profile being measured and 
the measurement height. 
The bracketed terms 2^, d, and define the wind 
profile and the height of measurement. These are standard 
meteorological terms derived by using turbulent flow theory 
over a flat, rough surface. Their measurement is quite 
difficult. Usually they are defined by wind profile 
measurements at a minimum of about 5 heights over a short 
(5-15 min.) interval of time; then an iterative least 
squares technique is applied to get a best fit equation 
to the profile model (Robinson 1962). This measurement 
is difficult and subject to several serious restrictions. 
Assumptions include an adiabatic temperature profile, 
39 
adequate fetch with no disturbing features, and constant 
roughness features of the surface. Considerable deviation 
from these idealistic conditions occurs on natural water­
sheds. Generally, the surface is undulating with some 
pronounced obstructions such as terraces; the crops are 
sometimes tall and widely spaced or have tasseling and 
blooming heads protruding above the general canopy level; 
adiabatic conditions exist for only brief periods during 
any day. 
Obviously, methods for measuring or estimating the 
wind profile terms are nnL clearly definable. The theory 
and definition of the wind profile in the aerodynamic 
portion of the combination equation derivation was reviewed 
in Appendix A. To gain insight into recent measurements 
and attempts to define the wind profile parameters, several 
of the more recent references are reviewed in Appendix B. 
Both Tanner (1967) and van Bavel (1966) commented about 
the difficulties of wind profile measurements, even over 
reasonably smooth surfaces; and the problems would be 
increased over our undulating watersheds with medium-to-
tall crops. Thus, it was not practical to attempt wind 
profile measurements. 
Several have published d and Z values and equations 
for estimating Z values (Szeicz et al. 1969, Lemon 1963) .  
Van Bavel (1966) suggests that calculated potential ET 
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amounts are not highly sensitive to these terms, therefore 
their accuracy would not be critical to the solution. 
Others (Skidmore et al. 1969, Rosenberg et al. 1968) have 
shown these wind terms can be quite important, and results 
of this study will also show this to be true. Therefore, 
it was concluded that d and values should be estimated 
from reported values. 
An equation for estimating d values was developed 
such that it would provide values comparable to those in 
literature. The equation was: 
d = (0.80) {% canopy) (d/d2) H 
where: 
d = profile displacement height cm 
canopy = estimated % of ground shading 
(d/dg) = relative d values compared 
to those at a wind speed of 
2 m sec"! (see figure B-1 ) 
H = observed crop height cm 
This equation contains the variables that most influenced 
d as discussed in Appendix B. 
The equations selected for estimating Z values were 
those summarized by Szeicz et al. (1969) and shown in 
table B-2, Appendix fl. These were; 
k l  
^°9l0^o -0'98 + Ioq q^H (ail crops except 
maize and sugar cane) 
(maize and sugar cane) logio^o = -1.6 + 1.1 log^gH 
where ; 
Z Q = wind profile roughness height 
H = crop height 
cm 
cm 
In addition, a correction to account for the stream­
lining effects as windspeeds increased was suggested. A 
- 1  
correction relation of (Z^/Z^ at 2 m sec ) versus wind 
speed was sketched from data by Lemon (1963) and is shown 
as figure B-2 in Appendix B, Although these were apparently 
the best estimating methods available, the analyses which 
follow show that values predicted by these methods could 
not be applied to the situation being studied, and another 
method was employed which estimated values for the complete 
wind function [In 
The length of time over which to use the average wind 
speed was not obvious. The first inclination was to use 
daily total wind travel because daily potential ET values 
were to be calculated. However, this approach was incorrect. 
The combination equation has been shown by van Bavel (1966) 
and others to give good results for time increments as 
short as 1 hour. In essence, the variables are 1-hour 
totals of Rj^ and u^, and 1-hour averages of d^ and A/^ . 
Note that and d^ multiply in the combination equation; 
thus, they must represent the same 1-hour conditions. As 
d^ is averaged for a daily total, u^^ should be weighted 
accordingly. But to define wind travel for several short 
time intervals was impractical. Thus, the wind travel 
was accumulated over the same period for which d^ was 
averaged. As will be shown in the data reduction dis­
cussion, dg^ becomes nearly 0.0 each night at our location 
thus dg was averaged for the 12 hours O6OO to I8OO by 
ll-hour time increments, and the wind travel was accumu­
lated for these 12 hours. A better method would have 
been to multiply corresponding l|-hour wind travel and d^ 
values but the data reduction would have been increased 
accordingly. Another alternative was to obtain 2^-hour 
average d^ values and 2^^hour accumulative wind travel, 
but this would have further departed from the incremental 
correspondence of d^ and u^ values. Both Tanner (i960, 
pp. 3399-3^02) and van Bavel (1966, p. lj-63 ) considered 
this matter. 
Each variable in the combination equation has now 
been discussed. The final step is to constitute the 
equation in a form which will readily give a solution 
with field-measured values. With proper constants and 
conversion factors, it becomes: 
k3  
C'Rn + 791 d_ u. 
E = ° (3) 
(1 + S')(283)(2,^4) 
— 1 
E = évapotranspiration in. day 
=  A / y  =  slope of saturation line 
divided by psychrometric 
constant 
- 2  - 1  
= net radiation cal cm day 
""2 d = vapor pressure deficit lbs in." 
- 1  
a 
Ug^ = wind travel miles day 
Zg = height of wind measurement from 
ground cm 
d = wind profile displacement height cm 
Z = wind profile roughness height cm 
The units represent those in which the available 
instruments were calibrated; thus, consistency is not 
maintained until proper conversion factors are inserted. 
Potential to Actual ET 
The reduction of potential ET values to actual ET i 
the second major procedural step to be defined. Several 
methods were mentioned in the review of literature. The 
ranged from purely empirical one-step processes such as 
the curves shown by Jensen and Haise (1963) and the USDA 
ses (1967) to more sophisticated approaches such as 
discussed by Fuchs et al. (1969); however, these require 
additional measurements. Several others have reported 
on methods which sort out some of the processes involved 
but lump many of the others, for example those used by 
Shaw (1963, 196i|.) and Baier (1969). 
For hydrologie research and hydrologie models, it 
seemed appropriate that the major influencing processes 
and their interactions should be separated and represented 
by the current best understanding. This would allow; 
(1) more complete use of current knowledge, (2) showing 
which portions of the processes were least understood 
and need further definition by research, and (3) defining 
those portions which are most influential in determining 
water movement to be available for actual ET. Just how 
definitive one can get in representing such a process is 
not clearly apparent. This choice is a matter of how 
many details we know, how many variables and relations 
can feasibly be handled in a computational scheme, and 
which details remain important and distinguishable on a 
100-acre agricultural watershed when treated on a day-to­
day basis. 
The principal features affecting actual évapotrans­
piration can be seen in a schematic presentation of the 
closed soil-plant-air system shown in figure 1. Of course, 
the item of primary interest is the movement of water vapor 
/i IR 
SOIL 
'_i 
Perc. 
Figure 1. Schematic of the soil-plant-air system to 
be modeled 
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out of the system as ET. Tanner (1957) discussed this 
system and its interactions. 
It is well known that the variables considered in 
the combination equation are those primarily responsible 
for furnishing the driving energy of the system in figure 1, 
at least for the water leaving the plant and soil surfaces 
and entering the air. Most of this energy will be used 
in ET if water is readily available on the soil and plant 
surfaces. However, if water is not transmitted to these 
surfaces at a rate sufficient to utilize the energy 
available, the transmission rates control the ET rate 
and a complete set of additional factors is inserted. 
The transmission of water in soil depends on the 
conductivity of the soil and the tension gradients caused 
by the soil moisture, but conductivity is also a function 
of soil moisture content. For water to move upward to 
the soil surface for evaporation, the capillary gradients 
must work against gravity. For water to be available at 
the plant surface, it must be absorbed from the soil, 
transmitted through the plant, and moved to the outer 
leaf surfaces. This is a highly complex system and not 
well understood, although some aspects are obvious or 
have been demonstrated experimentally. For example, the 
plant roots must be in a soil which has sufficient moisture 
and the ability to transmit this moisture to the plant. 
kl  
A well-watered plant will transpire enough water to 
utilize nearly all available energy. A plant under moisture 
stress will close its stomata to avoid loss of tugor, and 
the amount of closure depends on both the degree of moisture 
stress and the evaporative energy available. Plant transpi­
ration is closely allied with Its phenological state; that 
is, is it actively growing, setting seed, or maturing. 
Although plant physiologists could add a long list of 
items which are known about plant-water relations, these 
just mentioned include most of the major functions that can 
be represented in a model at this time. 
Each of the processes limiting the obtaining of 
potential ET is closely associated with the amount of 
water present in the soil. Thus, it is imperative that 
the soil moisture status be known. This involves knowing 
the moisture initially present, that incoming as precipi­
tation, and that out-going as surface runoff, percolation, 
and ET. Other horizontal fluxes should be considered in 
some situations. 
The most obvious method of handling this system was 
by a mathematical model. The relations considered are 
sketched in figure 2. We will give a brief discussion 
of this model in this section with emphasis on required 
field measurements, then more details and specific relations 
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Figure 2. Flow chart of the potential to actual ET 
convers ions 
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will be summarized in the sections on data reduction and 
calculations. 
For modeling the soil-plant-air system of figure 1, 
three major sequences are involved; (1) calculating actual 
ET and substracting it from the soil profile, (2) adding 
infiltration to the soil profile, and (3) redistributing 
soil moisture. Although all three processes actually 
proceed simultaneously, they were treated separately on a 
day-to-day basis. Calculating actual ET involved separating 
the amount of energy expended in the major components, 
whereas all other steps actually involve water transfer. 
Beginning at the top of figure 2, daily potential ET 
values calculated by the combination equation would be 
reduced by an interception amount if rainfall occurred, 
because this free water on the plants and soil would evap­
orate first with very little resistance. This interception 
evaporation would be the first component of the calculated 
actual ET, Maximum interception is generally assumed to 
be about 0.10 inch. If the potential ET was less than inter­
ception, actual ET would be equal to the potential ET, and 
the remaining interception would be held for evaporation the 
following day. This procedure could be followed regardless 
of whether a canopy was present. This would allow for wet 
soil surfaces and water in depression storage, which would 
evaporate with little resistance. 
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The potential ET reduced by the amount of interception 
evaporation, would next be divided between that applicable 
to soil evaporation or plant transpiration. An estimated 
canopy-shading percentage would give this division, and thus 
would be based essentially on radiation. Potential soil 
evaporation would be reduced to an actual soil evaporation 
by a relationship depending on the moisture status of the 
top 6 inches of soil. Soil evaporation could be assumed 
to come from only the top 6 inches of soil. A portion 
of the unused potential energy for soil evaporation should 
be transferred to the plant canopy. This portion depends 
on the amount of canopy present. Remaining unused soil-
evaporation energy would go to other energy sinks, such 
as sensible heat and soil heat. 
Potential transpiration, composed of the divided 
potential ET plus unused soil evaporation, first would be 
reduced by a seasonal relation associated with its 
phenological state which depicts the plants' ability 
to transpire. Next, a percentage of the daily potential 
transpiration would be assigned to each 6-in. soil zone 
depending mostly on the root distribution. Reductions 
due to soil moisture crop stress would then be considered 
for each soil zone (center of figure 2) by applying 
relations similar to those developed by Shaw (1963, 1961).) 
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to each 6-in. depth increment of the 6-ft root zone. 
Ratio values of actual-over-potential transpiration 
depend on the soil moisture status and the potential ET 
demand by the atmosphere. Available soil moisture for 
each zone would be determined from the previous day's 
calculations, and the total daily potential ET compared 
and interpolated. 
The actual transpiration coming from each soil zone 
having been calculated, actual soil evaporation from the 
upper zone and interception evaporation could be added to 
provide the amount of calculated daily actual ET. This 
then would be withdrawn from the soil moisture stored in 
the profile according to the calculated amounts for each 
6-in. soil zone. 
To complete the soil moisture situation in preparation 
for the following day's computation, infiltration and 
redistribution should be considered (bottom of figure 2). 
Daily infiltration could be evaluated as an average water­
shed precipitation amount minus 0.10 in. of interception 
minus measured watershed runoff expressed as depth from 
the contributing watershed. No time distribution would 
need to be given to the infiltration, and it could be 
considered stored in the upper soil zones as required 
without exceeding 0.9 of soil saturation. 
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Vertical soil moisture redistribution would then 
need to be computed. The best current method appears 
to be the standard one-dimensional Darcy equation for 
unsaturated flow which uses moisture-tension and moisture-
conductivity relationships (Klute 1969, Melvin 1 9 7 0 ) .  
These relationships could be assumed to be uniformly 
applicable throughout the 6-ft soil profile or defined 
for each soil depth increment. The moisture content of 
successive pairs of 6-in. soil zones would determine 
their relative tensions and average conductivities, 
which would then be used to calculate the amount and 
direction of soil moisture movement between 6-in. zones. 
Constant flow rates would be used for a short time 
increment, then moisture contents readjusted, and new 
tensions and conductivities determined for the next period. 
The soil directly below the soil profile should be held 
at a constant moisture content of perhaps 0.9 times field 
capacity (one-third bar tension), and percolation from 
or to the profile allowed. These calculations would then 
establish the soil moisture profile conditions for the 
next day's calculations. 
In outlining this model, several relations and 
parameters were required. It appears that most of the 
relationships can be empirically estimated based upon 
rationalization and results reported in literature. These 
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would include soil evaporation reduction, transfer of 
unused energy to the plant canopy, the effect of pheno-
logical state, root distribution, and plant moisture 
stress. Undoubtedly some of these are better defined 
than others, but it is not feasible to determine or 
verify these relationships within the scope of our 
current objectives. 
Several soil-water parameters are required, such 
as saturation percentage, field-capacity, moisture-
tension and moisture-conductivity relationships. Consid­
erable research related to soil moisture has been done 
in recent years in the loess area of western Iowa, and 
most of these soil constants have been determined, 
although one is always concerned when applying data 
from another location because of the heterogeniety of 
soils. 
The remaining observations then would be crop canopy 
(soil shading) and measured soil moisture contents for 
beginning values. Crop height is already required for 
the wind profile estimates; thus, a corresponding estimate 
of soil shading should be adequate. Soil moisture is a 
routine measurement of hydrologie research and poses no 
problem. 
Evaluat ion 
The primary study objective was to arrive at daily 
actual ET values; thus, these values must be checked. 
The most obvious, and perhaps only feasible, means would 
be to compare predicted and measured soil moisture extrac­
tion over periods of 1 or 2 weeks. Problems encountered 
here include knowing the amount of infiltration and 
percolation. The amount of measured watershed precipi­
tation and runoff are available and they, as well as 
percolation, will be considered in the soil-plant-air 
model. Therefore, the best evaluation will be a comparison 
of measured soil moisture profiles with predicted profiles 
from the soll-plant-alr model. This will not be a direct 
evaluation of actual ET and will include several other 
variables. Actual ET will be the largest process of water 
removal, and all other variables will be known or estimated 
with good accuracy. 
Although actual ET Is the variable of primary interest. 
It would be remiss not to verify several of the intermediary 
steps. As previously discussed, the only valid way of 
verifying the calculated potential ET values would be to 
maintain a situation where water was not limiting. This 
was not feasible. An evaporation pan approximates a 
potential situation except that Its exposure allows more 
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heat to be utilized than would a large body of water or 
a wet field. Evaporation from a properly maintained pan 
does have quite a good relation to potential ET, thus, 
this offers a good choice to relate to the calculated 
potential ET. Also, potential ET is closely related to 
measured net radiation for days having small amounts of 
advection. This offers a second comparison. These two 
comparisons will not give an adequate quantitative check, 
but they will show daily sensitivity and relations which 
can be compared to the work of others. 
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INSTRUMENTATION 
Data were required for each of the three study phases: 
(l) obtaining potential ET values, (2) converting potential 
to actual ET, and (3) verification. The combination energy 
budget-aerodynamic equation to be used for potential ET 
required four météorologie variables to be sensed over both 
of the crops considered, corn and grass. The soil-plant-
air model (figure 2) for converting potential ET to actual 
ET required several observations of the crop and soil 
status. Soil moisture data were used for verification. 
In this section, we will review the instrumentation used 
for each of these variables. Operation and calibration 
will be explained in the next section, data collection. 
Experiment Location 
Instruments were established on research watersheds 
3 and ij. of the USDA Agricultural Research Service located 
near Treynor, Iowa. The location of these watersheds is 
shown in figure 3» This region is characterized by a 
deep loess mantle over glacial till, well developed 
drainage systems in the generally rolling topography, 
and deep permeable soils. A detailed topographic map 
of these watersheds is shown in figure I|-. Also shown on 
this map are the locations of four recording rain gauges 
POTTAWATTAMIE COUNTY 
TREYNOR 
SCALES, MILES 
MACEDONIA 
Figure 3» Location of the experimental watersheds which contained the 
ET instrumentation sites 
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shown in detai l  in 
Figure [)., Topography and instrumentation of the 
experimental watersheds near Treynor, Iowa 
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and two recording stream flow stations, which were typical 
installations on all five of the research watersheds. 
Other watershed instruments not shown but which supplied 
data for this study are three rain gauges and the stream 
flow station of watershed l,six 20-foot-deep soil moisture 
tubes located on watersheds 1 and 2, and three tubes 
located on watershed 3. Water levels from some 20 ground­
water wells on the U watersheds were also used to estimate 
soil profile percolation. Additional details of these 
watersheds, their instrumentation, and hydrology were 
given by Saxton et al. (1971). 
The météorologie instruments were near the boundary 
of watersheds 3 and i). within the shaded area of figure . 
A detailed topographic map of this shaded area is shown 
in figure 5' The watershed boundary is located on the west 
side of the field road. All of the area west of the field 
road was in corn, and all the area east was in pastured 
grass. The grass was mostly brome, with some orchard grass. 
The cross section A-A indicated in figure 5 is shown 
in figure 6. Note that the vertical-to-horizontal scales 
are in a ratio of 1:5; thus, the vertical dimensions are 
quite exaggerated. From this view, all of the area left 
of the recorder shelter was in corn and the area to the 
right was in grass. It is particularly important to view 
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gure 6. Cross section profile A-A of the instrumentation sites shown 
in figure 5 
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the Instrumentât Ion in its actual setting as shown In 
figures 5 6 when considering the aerodynamic measure­
ments of vapor pressure deficit, wind travel, and wind 
profile parameters. Some of the more important features 
are slope orientation, presence of terraces, amount of 
site separation, and length of fetch. 
Micrometeorologica1 Instruments 
Necessary measurements of the combination equation 
include net radiation, wind travel, and vapor pressure 
deficit. The first two are directly measurable. Vapor 
pressure deficit was calculated from measurements of 
ambient air temperature and dew point temperature. 
Net radiation was sensed with a FrItschen-type net 
radiometer (Fritschen 1963a, 1965a).. These radiometers 
have small, circular, heat-sensing surfaces facing up 
and down; and both surfaces are protected from convection 
by a 2-mil thick polystyrene hemisphere. Thermopiles 
located on the upper and lower surfaces are wired opposing, 
This arrangement provides a millivolt output corresponding 
to the temperature difference of the two surfaces, which 
can then be calibrated in terms of incident radiation. 
Both surfaces have a completely hemispherical view. This 
view angle should be considered in instrument placement 
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and data interpretation (Reifsnyder and Lull 1965). For 
this study, the radiometers were mounted about 1 meter 
above the crop surface and were suspended on an 8-ft pipe 
in a southerly direction from its mounting support. 
Wind travel was measured with a standard 3-cup 
aluminum anemometer. Although these instruments are not 
the most precise, they offer a good balance between 
accuracy and durability. Internal contacts were wired 
so the measured wind travel could be electronically 
recorded. 
An air circulation system using a paint sprayer 
vacuum pump was established at both sites. An insulated 
air intake box was located 1 meter above the crop surface, 
and this box contained a copper-constantan thermocouple 
for sensing air temperature. This air was then pulled 
through a 6-in. length of 2-in. diameter pipe which 
contained a Minneapolis-Honeywell Dew Probe for sensing 
dew point temperature. These dew probes respond to the 
equilibrium vapor pressure between the air and lithium 
chloride. After passing over the dew probe, the air was 
pulled through the pump and discharged. A valve on the 
discharge side of the pump was used to pressurize the 
plastic domes of the net radiometer. The air flow rate 
over the dew probe was controlled by valves to keep within 
the instrument's heating capabilities. The dew probe 
6k 
sensor was a thermocouple which measured the equilibrum 
temperature established in the lithium chloride bobbin. 
The météorologie instruments and mountings are shown 
in figures 7 through 1$. The sensors mounted over grass 
are shown in figure 7« The grass was maintained at a 
height of less than 1 foot; thus, the instruments 
were mounted stationary. The net radiometer is mounted 
on the long bracket. The air intake box was located on 
the back of this bracket and the anemometer to one side. 
A closer view in figure 8 shows the dew probe in its pipe 
section, and a bottle of desiccant used to dry the air 
which was slowly circulated through the net radiometer to 
prevent condensation on the inside of the plastic 
hemispheres. The shelter box on the left contains the 
vacuum pump which is shown in figure 9. Figure 10 shows 
a close view of the net radiometer in its mounted position. 
A similar set of sensors was mounted over corn, as 
shown in figure 11. In this case, a tower with a sliding 
cradle was used to maintain the sensors a uniform distance 
above the crop. A more detailed view is shown in figure 12 
where the cradle has been lowered for bare soil conditions. 
Signals from both sets of sensors were carried through 
underground wires to a recorder shelter shown in figure 13, 
which was located on the watershed divide between the two 
65 
i 
Xll" 
mm 
m-mM. 
M 
"L-.. 
i< 
'J 
iàt-'•'<•%' 
it- i<! 
.•« • '  
Figure J, Instrument sensors over grass 
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Figure 9. Vacuum pump used for air circulation 
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Figure 10. Details of mounting Fritschen-type 
net radiometer 
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Figure 11. Instrument sensors over corn 
Figure 12. Details of corn site sensors 
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Figure 13. Recorder shelter located midway of 
corn and grass site 
Figure ll|.. Net radiometer recorders, wind accumulator, 
and millivolt reference 
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sensor sites. Three strip-chart analog recorders were 
used which all had chart speeds of 2 inches per hour. 
Two were single-pen millivolt recorders with attached 
ball-disk integrators, shown in figure lij.. Each instrument 
continuously recorded and integrated the signal from one 
net radiometer. 
All other signals were recorded on a multipoint 
recorder, shown in figure 1^, which was capable of recording 
either millivolts or temperature on any of 2l| channels. Air 
temperatures and dew probe cavity temperatures were recorded 
directly. For recording wind travel, an "accumulator" was 
designed and constructed by the University of Missouri elec­
tronics shop. This unit, shown on top of the left recorder 
in figure l4, sensed the closure of a switch in the anemom­
eter which occurred for each mile of wind travel measured. 
For each such switch closure, the accumulator produced an 
additional 10 percent of maximum millivolt output, and this 
output was recorded on the multipoint recorder. The 
recorded trace was a series of 10 steps from 0 to full 
scale and then resetting to 0, and each step represented 1 
mile of wind travel. The electronic accumulator had two 
complete channels for recording both anemometers which 
allowed continuous recording of wind travel with a counting 
accuracy of about 1 mile for any given period. 
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Figure 15« Multipoint recorder, motor ventilated 
wet-dry bulb psychrometer, and electric 
cattle fencer 
Figure l6. Net radiometers mounted parallel for 
calibrat ion 
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Other Measurements and Observations 
In addition to the Instruments for météorologie data, 
several items were visually observed and periodically 
recorded in the experimental log. Crop heights were 
recorded at least weekly during periods of active growth, 
and estimates of crop canopy were made at the same time. 
The canopy estimates were based on an estimate of soil 
shading; thus, an 80% canopy would shade &0% of the soil 
surface at high noon. This obviously was not a very 
scientific measurement, but the data proved very useful. 
Many other visual observations were recorded such as crop 
color, soil surface roughness condition and wetness, weed 
growth, stage of crop maturity, heading and tasseling, 
and unusual weather occurrences such as hail and snow. 
Soil moisture was measured by the neutron and 
gravimetric methods under both corn and grass. Instrumen­
tation and procedures previously established for hydrologie 
research of the experimental watersheds were used. Six 
20-ft neutron access tubes had been installed on water­
sheds 1 and 2 under corn, and three tubes on watershed 3 
under grass. One of the tubes for grass was at the grass 
ET site, and two additional tubes were installed near the 
corn ET site for comparison with the other measurements 
beneath corn (figure 5)® 
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A standard météorologie station previously installed 
on the research watersheds completed the Instrumentation 
required for this study. Its location was about Y$0 ft 
southwest of the météorologie Instruments. Rain gauge 
number 113 (figure I4.) was one of these instruments. Other 
instruments included a recording hygrothermograph in a 
standard screened shelter and a standard Class A Weather 
Bureau evaporation pan. The hygrothermograph had hair 
elements for the humidity sensor and a bimetallic strip 
for the temperature sensor. Only the temperature recorder 
was given special calibration attention by weekly comparison 
to maximum-minimum thermometers. The evaporation pan was 
carefully installed and operated according to standard 
Weather Bureau instructions (Holtan et al. 1962, p. IO8). 
A standard 3-cup anemometer was included, but water 
temperature was not measured. 
73 
DATA COLLECTION 
Data collection consisted of operating météorologie 
sensors over both corn and grass and making frequent 
observations of crop and soil moisture conditions. The 
météorologie instruments were installed in June 1968. 
After a period of "debugging", reliable data were 
obtained beginning in early July 1968 and continuing 
until December 1, 1968. Several radiometers failed 
during this period and some difficulty was encountered 
with the dew probes being heated externally above their 
operating temperatures by heat from the vacuum pump. 
Therefore data for this ^^month period were not analyzed. 
Data were again collected from March 9 to December 1, 1969 
and March 13 to December 1, 1970. These 2 years of data 
formed the basis of all analyses presented. 
Collection Methods 
A l l  météorologie sensors and recorders were run 
continuously. For net radiation, it was necessary to 
make continuous measurements to obtain both daytime 
positive (net downward) and nighttime negative (net 
upward) radiation. The nighttime values of other 
variables were not used in the analyses; but the complete 
I k  
diurnal patterns were often helpful in noting data 
irregularities, and better timing accuracy of the 
recorders was obtained by running them continuously. 
Soil moisture measurements were made at about 
weekly intervals during the growing season. May to 
September. Measurements were made at 2- to 3-week 
intervals during March, April, October, and November. 
Gravimetric samples were taken at depth increments of 
0-3, 3-9, 9-15 snd l^'2k in. near each of the neutron 
access tubes. Neutron probe readings were taken at 6-in. 
increments from 2 ft to ^  ft, then at 1-ft increments 
down to and including l8 ft. 
Rain gauges and stream flow recorders were operated 
continuously throughout the year. Ground water levels 
were measured manually once each week in all observation 
wells. The water level of the evaporation pan and wind 
travel recorded by the associated anemometer were read 
manually at about 0800 hour each day. Some weekend days 
were not observed, but a diligent field staff kept these 
instances to a minimum. 
The loss of data due to instrument maintenance or 
failure was very minimal considering the requirement of 
continuous measurements during all except the very coldest 
part of the year. The net radiometers were somewhat 
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troublesome. Several of those first obtained failed 
because a Junction in one of the thermopiles opened causing 
an open circuit. Vapor condensation on the inside of the 
plastic hemispheres of the radiometers caused some problems 
during the first year of operation, but a dry air circu­
lation system solved this problem the second year. A 
note by Fritschen (1963b) showed that this condensation 
does not significantly affect the radiation measurements. 
Maintaining underground thermocouple wire to the grass and 
corn sites for temperature and dew probe records presented 
some problems. Moisture and rodents were the apparent 
problems. It was apparent after the first year's operation 
that the air properties were very similar over the two 
crops; therefore these sensors were moved to the recorder 
shelter for the last part of the second year's operation, 
and a single measurement made for application to both crops. 
Wind travel and net radiation measurements were continued 
over the respective crops. 
Instrument Calibrations 
Establishing and maintaining correct instrumentation 
calibration is an important aspect of data collection. An 
independent calibration was established for each of the 
sensors and recorders used to collect the météorologie 
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data, with the exception of wind anemometers. The 
following paragraphs discuss each of these calibrations. 
The net radiometers were new instruments which had 
been factory calibrated against a standard. Experience 
iXiS shown that the rating of these instruments is quite 
stable over extended periods of use and, because of 
occasional wiring failures, no radiometer was used more 
than a few months before being replaced by a new one. 
This failure was abrupt and unrelated to the calibration. 
In addition, radiometers were compared by mounting them 
side-by-side as shown in figure 16 (shown with figure 15)* 
Results of these comparisons usually agreed within 5 to 
10^ of the factory calibration. It was assumed that the 
factory calibrations were under more controlled and precise 
conditions; therefore, the factory-supplied ratings were 
applied in all cases. For assurance, the radiometers on 
the corn and grass sites were occasionally transposed If 
no replacements were installed. 
The Minneapolis-Honeywell Dew Probes were calibrated 
in the laboratory against a precise dew point condensation 
hygrometer. The calibration points are shown in figure 17, 
and the factory calibration curve is shown as the solid 
line. The calibration of the dew probes tested was some-
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what different from the standard factory calibration; 
therefore another calibration curve was sketched and is 
shown as the dashed curve in figure I7. A polynomial 
equation was developed to represent this calibration 
curve which facilitated its use in data reduction. 
All three recorders were checked for accuracy every 
1 to 2 months by using a precise millivolt source obtained 
for that purpose. This Instrument was standardized with 
an attached galvanometer for each use. All recorders 
maintained their calibrations within a J,% error. The 
temperature range of the multipoint recorder was frequently 
verified with thermometer measurements of the ambient air 
temperature. Accuracy was always within 1 to 2 °F, 
The integrator calibrations of the net radiometer 
recorders were also verified, first by a laboratory check 
using constant voltage Inputs and then with actual, recorded 
net radiation amounts. In the laboratory checks, the 
expected integrator counts could be calculated because 
the area being measured was that beneath a constant line. 
The integrators met their stated accuracy of about 1%. 
Several sections of recorded net radiation traces of one-
half to a full day were measured with an integrimeter. 
When the traces were smooth and relatively easy to follow. 
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the measured area always agreed with that of the recorder 
integrator within 2%» It was concluded that these ball-
disk integrators were accurate within acceptable limits. 
They performed very well. 
The theory, of neutron soil moisture probes has been 
well verified, and factory calibrations are often applied 
with confidence. However, instances of considerable 
deviation from standard calibration curves have been 
reported. To verify the calibration of the probes used 
for this study, a series of measurements were made in 
access tubes previously used for a soil water movement 
study, then the soil moisture was determined gravimetrically 
using a 3-in. diameter by 3-ln. driven core sample. The 
tubes were located in and adjacent to two small pits about 
10-ft in diameter and 2-ft deep which were filled with 
water for 1 to 2 days, and then allowed to be dry about 
3 days before measurements were made. Neutron readings 
were made at 6-in. intervals below 18 in.; then the soil 
was excavated and three gravimetric samples taken at each 
depth and averaged for the calibration. Typical cali­
bration points are shown in figure l8 with the factory 
rating curve. It was concluded that the neutron probes 
had been adequately rated and the factory curves were 
a p p l  l e d .  
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An electrically-ventilated wet and dry bulb psychroni-
eter was used once each one or two weeks to verify the 
air temperature and dew probe readings (see figure 15). 
It was usually possible to verify the relative humidity 
within 5^ in the range of lj.0 to 60% humidity. If less 
accuracy was obtained, a change of the lithium chloride 
dew probe bobbins was usually indicated. Although the 
anemometers could not be independently calibrated, they 
were frequently inspected and occasionally cleaned to 
assure free turning and proper operation. 
Reduct ion 
All of the data were tabulated from the recorder 
charts or field records and placed on computer punch cards 
for processing. This was a straightforward matter, but 
some decisions were required to insure that the data would 
match the intended use. 
Daily net radiation values were tabulated as three 
components; (l) midnight-to-sunup negative values, (2) day­
time positive values, and (3) sundown-to-midnight negative 
values. This tabulation allowed flexibility of periods 
for which the daily values could be summarized. For this 
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study, the daily values were taken as the daytime amount 
minus the following sundown-to-sunup nighttime amount. 
Subtracting this nighttime amount partially compensated 
for soil heat storage which occurred the previous day. 
To obtain a vapor pressure deficit value, it was 
necessary to first determine the equations for calculating 
the vapor pressure deficits from recorded values. The 
two measurements used were ambient air temperature and 
dew point temperature, with the dew point obtained from 
the observed dew probe temperature and its calibration 
curve. The existing vapor pressure and the potential 
vapor pressure at ambient air temperature are both defined 
by the saturation line of the psychrometric chart, and 
the difference between these two vapor pressures is the 
vapor pressure deficit. Brooker (196?) noted that the 
Clausius-Clapeyron equation expresses the slope of this 
saturation line, and he showed that by integrating this 
equation for conditions above freezing gives; 
P e K 
s 
where : 
K = 54.6329-12301.688 -  ^.16923 in T 
T 
Pg = saturated vapor pressure 
T = ambient air temperature 
lb in -2 
o 
R 
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and for conditions below freezing 
K = 23.392k - 11286.6^89 - 0.46057 In T 
T 
Therefore these two equations were used with the ambient 
and dew point temperatures to calculate a vapor pressure 
deficit value. 
An average daily vapor pressure deficit value was 
required for computing a daily potential ET value with 
the combination equation. The ideal single value would 
be a true average of the complete daily distribution. 
Although the continuous records of air and dew probe 
temperatures would have allowed defining the complete 
distribution, the volume of tabulations and computations 
would have been prohibitive. The apparent solution was 
to select a minimum number of readings that would provide 
an acceptable average value. 
It was concluded from findings of Tanner and Pelton 
(i960, p. 3^00) that day and night values of ET must be 
treated separately. Because our net radiation values 
represent the daylight condition, the vapor pressure 
deficit and wind travel should also be daytime values. 
Therefore the d^ values should be an average value repre­
senting the sunup-to-sundown period. 
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To arrive at a reduction method, a series of daily 
vapor pressure distributions was reviewed and several 
methods of averaging selected values were investigated. 
Several typical daily vapor pressure distributions are 
shown in figure 19. Daily distributions were defined 
for 24 uniformly spaced days during 1968 and 1969 using 
2-hour time increments. The objective was to obtain a 
representative average of the period from O6OO to I8OO 
hours. After investigating 8 averages from combinations 
of onw to four values, a system was selected which used 
four readings at O6OO, 1000, ll|00, and I8OO which were 
weighted by values of 1,2,2, and 1, respectively, to 
account for the portion of the day each represented. 
These ^-value averages were linearly correlated with the 
13-value averages obtained by 2-hour increments. Average 
means for the 2l| days were 0.123 and 0.126 for the Ij.- and 
13-value averages, respectively; the correlation equation 
was y = -0.001 + 1.025 x ; the coefficient of determination, 
2 
R , was 0.994" From these results, it was concluded that a 
weighted i|.-value average would give very adequate daily 
representation, and this system would be manageable for 
data reduction. 
DATE COMMENT 
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HOURS OF DAY 
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igure 19« Typical diurnal patterns of vapor pressure deficits 
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Wind travel was tabulated as the recorded amount 
for the 12 hours, 0600 to iBOO. This period corresponded 
to that represented by the vapor pressure deficit average, 
which must be true for proper integration, A more precise 
method would have been to tabulate the wind travel for 
each ^ -hour period and multiply by its corresponding vapor 
pressure deficit, but van Bavel (1966) has shown that daily 
averages can be used with good success. A computational 
trial which used total daily wind travel, 0000 to 2i|00, 
gave values too large for the aerodynamic term, which showed 
that nighttime values must not be used. 
Neutron soil moisture data were reduced by using a 
computer program to: (l) prorate the field scaler counts 
by a ratio of recorded shield counts to standard shield 
counts, (2) determine the moisture percentage represented 
by each adjusted reading, (.3) summarize the amount of 
moisture in the soil profile, and (ij.) average the moisture 
from the several holes to obtain a value representative 
of the soil moisture status under that crop. This technique 
had been previously developed by the author and was adapted 
to this study. The gravimetric soil moisture data which 
represented the top 2 ft of soil were computed and averaged 
with a manual calculator. Standard procedures were used to 
obtain percent-by-weight values; then a standard bulk density 
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profile was applied which had been previously determined 
from more than 200 measurements. These bulk density values 
were 1.33, 1.31, 1-25, 1.22, and 1.21 g/cc for the depths 
0-3, 3-9, 9-15, 15~21, and 21-21). in., respectively. Bulk 
density is quite variable, and applying an average set of 
values surely introduces some discrepancy and bias. How­
ever, this remains as the only practical method of obtaining 
soil moisture in the surface horizons. 
Evaporation pan reductions were simply a mass budget 
of the pan water. Water added by rain was accounted for 
by records from the adjacent rain gauge, and an overflow 
tank was used for periods of large rainfall. Calculated 
evaporation for days with moderate to heavy rainfall often 
appeared much larger than expected. The only logical 
reason was that the pan and rain gauge caught different 
amounts of rainfall. Values for these days were omitted 
from further consideration if they were considered 
unrealistic. 
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METEOROLOGIC DATA CHARACTERISTICS 
It is important to review the data to assure its 
accuracy and validity before proceeding with computations. 
Even though instrument calibration precautions were taken, 
it is possible that error and bias may have been introduced 
by the data collection and reduction procedures. In 
addition, there are some interesting features of the 
variables themselves that are important to understand for 
this study and for those that will follow. 
The data are presented in several ways: (l) plots 
of annual distributions of daily values, (2) comparisons 
among the variables, and (3) comparisons of separate 
measurements of the same variables. Most of the major 
météorologie variables will be discussed in the following 
paragraphs and examples shown of plotted relations. 
Net Radiation 
Net radiation over a particular surface is primarily 
a function of the incoming solar radiation and cloud cover. 
The annual distribution of measured daily net radiation 
largely reflects these parameters. Data for 1970 corn 
shown in figure 20 are quite typical. The envelope curve 
of maximum values is apparent and represents very clear days. 
^ e 
e 
o 
e ® 
9 
i 
0 % @ 
o e ® 
e @ 
% •»
o® o » e ##B0 
e e 0 0 0 
e B o ® 
o e 
% 
.6 8 CO VÛ 
«f 
e e 
e ® eP 
a* 
JAN FEB MflR APR MAY JUN JUL AUG SEP OCT NOV DEC 
F i g u r e  2 0 ,  Annual distribution of daily net radiation over grass 
during 1970 
9 0  
A significant number of days had values below the maximum 
throughout the year. As we will see later, this net 
radiation distribution and variability plays an important 
role in daily potential ET. 
The relationship of net radiation to total incoming 
solar radiation is important because solar radiation is a 
frequent standard measurement at many météorologie stations. 
The measured net radiation was compared with solar radiation 
measured by the U.S. Weather Bureau at the North Omaha 
Nebraska airport, located about 25 miles northwest of the 
instrument sites. They used an Epply pyrhe1iometer with 
a millivolt stripchart recorder. The daily traces were 
manually integrated by using estimated averages for periods 
of 1 to 2 hours. A typical relation of net versus solar 
radiation is shown in figure 21 for corn cover from March 
to December, 1970. The relationship would provide 
reasonably good predictions, with net radiation averaging 
about of the solar radiation. However, the ratio of 
net over solar radiation has a significant annual trend 
as shown by the example in figure 22. The mean relation, 
represented by a polynomial equation fit by the least 
squares technique, shows that the ratio values range from 
about 0.36 in early March to about 0.^6 in July, and return 
to about 0.36 in late November. This annual variation is 
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masked In the scatter comparison of figure 21. Similar 
relations were obtained for both years over both corn 
and grass. A summary of the equations Is given in table 1. 
The relatively low values of R are more a result of the 
generally horizontal least squares line than of predict­
ability, although the values do ha^e considerable scatter, 
particularly early and late in the year when radiation is 
sma11. 
The effect of crop cover on net radiation is sometimes 
subtle and unpredictable because both reflectance and 
emittance characteristics are involved. The dual net 
radiation measurements made over corn and grass compared 
closely as shown by the example in figure 23. Daily ratios 
of net radiation from grass over that from corn were 
plotted in an annual distribution, as shown in figure 2l(.. 
There were some trends, although they were not as apparent 
as the relation of net over solar radiation. The corn 
ground had slightly more net radiation until the grass was 
completely green in early May. Then there were only small 
differences until about October when the corn matured and 
was harvested, and the grass began to brown. There appear 
to be some small, consistent trends within these general­
ities which are probably real and caused by observable 
Table 1. Polynomial equation representing the annual trend of the ratio 
daily net radiation over daily solar radiation 
Year® Crop Equation Coefficients^ 
A B C R2 Sy.x 
1969 Grass -0.00630 0.006956 -0.00001940 0.44.5 0.140 
1970 Grass - .22167 .008323 - .00002183 .493 .123 
1969 Corn .19792 .004918 - .00001420 .314 .149 
1970 Corn .02643 .005414 - .00001363 .179 .154 
1969-1970 Grass .11142 .007616 .00002056 .671 .135 
1969-1970 Corn .11388 .005152 .00001389 .468 .155 
^Inclusive dates of data are March 9 to December 1, 1969 and March 13 to 
December 1, 1970» 
^Equation Model is 
Y = A + BX + CX^ 
where ; 
Y = daily net radiation/daily solar radiation 
X = consecutive day number of the year 
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differences such as soil wetting and farming operations, 
but these were not investigated. It was concluded that 
the daily net radiation values were consistent and accurate, 
and they were applied as measured. 
The two single variables most often related to 
potential ET are net radiation and pan evaporation; thus 
the relationship between these variables is also significant. 
A typical relation is shown in figure 25. Net radiation is 
expressed in units of equivalent water depth, assuming 
583 cal/g of water. Pan evaporation is nearly always more 
than net radiation; the total was nearly double in 1970 .  
This is as expected because the net radiation over the pan 
would be similar to that over grass (most would evaporate 
water); in addition the raised evaporation pan is quite 
exposed to the wind movement which would encourage consid­
erable energy extraction from that source. Later comparisons 
with calculated potential ET values will confirm that much 
of the scatter in figure 23' can be explained by the addition 
of aerodynamic considerations. Annual plots of the ratio 
of pan evaporation over net radiation such as that shown in 
figure 26 showed no particular trends. 
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Other Variables 
The slope of the saturation psychrometric line, A , 
is combined with the psychrometric constant,y, to form 
the term A/y in the combination equation. The A term is 
a function of air temperature, thus the ratio A/y takes 
on an annual distribution comparable to air temperature. 
An example of this distribution is given in figure 27. 
Air temperatures differed very little over corn and grass 
and a single value was used for both conditions. 
Vapor pressure deficit is a function of both humidity 
present and air temperature, and these are both quite 
variable; thus the vapor pressure deficit is expected to 
vary considerably. An example of daily vapor pressure 
deficit values for 1 year is shown in figure-28. There 
is a general envelope of maximum values with a few extreme 
values; however, considerable scatter occurred most of the 
year. 
The scatter plotting of figure 29 shows that measured 
vapor pressure deficits over the corn and grass covers were 
very similar. This is logical because the two sensors were 
only about I4.OO feet apart at approximately 1 meter above 
the crops; thus they were both exposed to the same air mass 
situation, and the moisture returned to the air by the crops 
probably did not have a large or differential effect. 
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There was an apparent bias of about 0.02 psi in the 
1970 data shown in figure 29 and a similar relationship 
in the 1969 data. The reason is not apparent. It could 
have been an actual difference, instrument bias, or the 
effect of sensor height. The air intake for corn was 
about 1.0 to 1.2 meters above the crop surface, whereas 
the grass air intake was about O.5 to 0.8 meter. If the 
0.02 psi was actually an error, the daily average error 
would be about 10^ over the year. An error analysis, to 
be discussed later, shows that generally 20^ to [{.0^ of 
any vapor pressure deficit error would be transmitted to 
the calculated potential ET value; thus the 10% error 
would result in only a 2% to potential ET error. 
Typical daylight wind travel is shown for 1970 in 
figure 30. The most striking feature is the large day-
to-day variation. This variation, coupled with that of 
the vapor pressure deficit, can be expected to cause 
large variation in the daily aerodynamic influence on 
potential ET. 
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Figure 30. Annual distribution of measured daytime wind travel 
0.6 to 0.8 meter above yrass surface during 1970 
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POTENTIAL ET CALCULATIONS 
Computing daily potential ET values by use of the 
combination equation was a straightforward process once 
all input variables were at hand. The first values calcu­
lated showed that the procedures of Appendix B for esti­
mating wind parameters were not applicable, and another 
approach was required. The calculated potential ET values 
were very realistic and had good daily response. An error 
analysis showed the sensitivity of the calculated values 
to each contributing variable. These items will be 
discussed in detail in the next paragraphs. 
Initial Calculations 
A set of potential ET values was first computed using: 
(l) the observed values of net radiation (R^), vapor 
pressure deficit (d^), and wind travel (u^); (2) the wind 
parameter estimating methods outlined in Appendix B; and 
(3) observed data such as crop height and canopy. Results 
were quite disappointing. Independent measurements of 
potential ET values were not available for comparison with 
the calculated values, but an evaluation was made by 
plotting the annual distribution of the ratios of net 
radiation/ potential ET and pan evaporation/ potential ET 
(figures 39 and i|-3 ) • 
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For these first computed values, the net radiation 
and pan evaporation ratios for grass were about 0.75, with 
a slight trend of higher to lower values throughout the 
year. For corn, the ratios had a strong annual trend 
running from about 1.5 in the spring to 0.5 in the fall. 
These results indicated that the calculated grass ET 
values were slightly higher than expected, but the corn 
values were too small in the spring and too large In the 
fall. 
An annual plot of the estimated wind parameters 
and d indicated the values were probably in error. 
Grass values averaged about 2 cm during the growing 
season, but the wind effects (defined by figure B-2) 
resulted In daily variations of + 0.5 cm. For corn, Z^ 
values were near 0 In May, 0-2 cm In June, 2-6 cm in July, 
and 6-l6 cm from August to October. The wide range at 
any particular time was again primarily the result of the 
wind function. 
It was rationalized that Z should not vary this 
much In response to changing wind speeds, and the values 
themselves seemed high In most cases. Several subsequent 
sets of calculations were made which used reduced wind 
effects on Z^ and d, and then with no wind effects; 
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however, the large values and unexpected ratio values 
and trends persisted. After reviewing all other input 
data for accuracy, it was concluded that the estimating 
procedures of Appendix B were not applicable. The d values 
appeared rational, but the values were too large and 
varied too much with crop growth and wind travel. 
Estimating Wind Parameters 
It was apparent that the wind parameters would require 
estimation by another scheme and that the calculated 
potential ET values would be subject to these estimations. 
Two lines of investigation were used to establish criteria. 
First, it was recognized that the wind parameters were 
basically used as a modifying term to the wind travel 
measurements. The wind term was sensitive to: (l) the 
height of the wind measurement in the wind profile, and 
(2) the descriptors of the wind profile, d and Z^. An 
approach was taken in which values for the complete wind 
term were estimated and expressed as W, 
where : 
W= . (I4-) 
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These values were estimated as smooth relations through­
out the year and sensitive to those changes that would 
rationally alter d, or 2^. No effects of wind speed 
were considered. 
The second consideration was to establish criteria 
for Judging the correctness of the calculated potential ET 
values. This involved a more detailed explanation of the 
relations of potential ET with pan evaporation and net 
radiation. Usually potential ET will equal 0.8 to 0.9 
of the net radiation when water is not limiting and little 
advection occurs (Tanner 1957)- ^f moisture is limiting, 
the air temperature and thus vapor pressure deficit will 
rise and higher potential ET values will result. And if 
advection occurs, the potential ET will exceed net radiation 
(van Bavel 1966). The relative amount represented by these 
two effects has not been quantified. Thus it was assumed 
that, on the average, calculated potential ET values should 
about equal net radiation. 
Pan evaporation approximately represents the measure­
ment of a potential for ET, but its open and isolated 
exposure allows it to abstract more heat from the atmosphere 
than would a broad expanse of well-watered soil and plants; 
thus pan evaporation is nearly always more than that 
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measured in other more typical situations. Veihmeyer 
(196^, p. 11-7) reports that usual pan-to-pond coefficients 
are about O.7, with a range of 0,6 to 0*8. These values 
suggest that our calculated potential ET values should 
be about 0,7 of the observed pan evaporation; that is, a 
pan evaporation / potential ET ratio of about 1,^., 
It must be remembered that these comparisons with net 
radiation and pan evaporation are verification guides and 
not independent checks. The net radiation and calculated 
potential ET are quite interdependent because net radiation 
is used in the ET calculations. Pan evaporation is an 
independent check and is better than net radiation because 
it responds to both the vertical radiant energy balance 
and the aerodynamic terms which are also included in the 
combination equation. 
Several trial curves representing wind parameter values, 
W, were sketched to arrive at a representative relation. 
The procedure was to first review the anemometer heights 
and soil and crop conditions, and then to sketch an annual 
curve of values which varied as measured values and 
estimated d and 2^ values would suggest. The magnitude 
of the W values was only approximately known; thus the 
second step was to review the ratios of the calculated 
potential ET values with net radiation and pan evaporation, 
and then to reestimate the W curves based on these findings. 
I l l  
This method was first applied to the 1969 data until 
acceptable results were obtained. It was rationalized 
that the estimated W values should apply equally well to 
the 1970 data as an independent check unless the wind 
measurements or crops differed. For corn, the 1969 W 
values were applied, unaltered, to the 1970 data. Some 
adjustment was required for the grass because the grass 
height was some different below the anemometer, which had 
a constant height; and the anemometer was raised in 
midseason. 
This estimation scheme introduced an empirical value 
into an otherwise physically based equation. However, the 
estimates were rationalized on the basis of the logarithmic 
wind profile, and the W values represent only one term of 
the equation. The error analyses of the combination 
equation discussed in the next section give a good indi­
cation of the sensitivity of the equation to these W 
estimates; that is, what percent of any error in W would 
be transmitted to the calculated potential ET values. 
Potential ET Values 
A summary of the calculated potential ET values and 
their ratios with net radiation and pan evaporation is 
given graphically in figures 31 to ij.7. The observed crop 
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heights and canopies and the final wind profile parameter 
values, W, are shown in figures 31 to 3k' addition, 
values of the wind profile displacement, d, and roughness 
heights, Z^, are given. These were calculated and plotted 
to assure that the W values were realistic. The d values 
were calculated by the relationship 
d = (0.8) (0,9 Crop Canopy) (Crop Height) i$) 
which is a modified version of the relationship presented 
in Appendix B. Observed crop canopy was reduced 10^ to 
account for the difference in the estimates between 
radiation and turbulent penetration. After d was calculated 
from crop characteristics and the estimated W values and 
anemometer height were known, values were directly 
calculated from the profile equation Ij.. 
The Zg values appeared rational and contrasted sharply 
with those first estimated by equations in Appendix B. 
Values for grass ranged from 0.2 to O.ij. cm compared with 
first estimates of 1 to 2 cm, which Is an 80% change. 
August corn Z^ values were about 2 cm compared with earlier 
estimates of 6 to l6 cm. Estimates of d and are 
dependent, and this may have contributed somewhat to the 
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corn during 1970 
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problem with the earlier estimates. It was not always 
clear whether d values had been considered for the 
prediction equations given in table B-2, 
Typical computed potential ET values are shown in 
figures 35 and 36 for 2 years with grass cover. The 
seasonal trend is apparent, but there is considerable 
variation throughout the year. This variation is as 
expected, however, because of the variation of R^, d^, 
and as shown in figures 20, 28, and 30, respectively. 
The computed daily potential ET values were quite 
similar for the corn and grass crops as shown by the 
comparison in figure 37 and the ratios in figure 38. This 
also was expected from comparisons of the variables such 
as and d^ over the two crops which were shown in figures 
23 and 29. The ratio values of figure 38 indicate slightly 
larger potential ET amounts for the corn before May, but 
after that they were nearly equal or slightly larger. These 
values cannot stringently be interpreted because both corn 
and grass ET values are somewhat dependent on the estimates 
of the wind parameter values, W. 
As previously discussed, the final selection of the W 
values was partially dependent on comparisons of the calcu­
lated potential ET values with net radiation and pan 
evaporation. Examples of the final comparisons are shown 
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F i g u r e  3 6 .  Annual distribution of calculated daily potential ET for 
grass during 1970 
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In figures 39 through Ij.3. The ratios with net radiation 
shown in figures 39 and 1|.0 show that the calculated 
potential ET (PET) values were about equal to . The 
March and November points indicate that the PET values 
were significantly less than in spring and more in the 
fall. The reason for this is not fully understood but it 
is probably related to the relative role of the aerodynamic 
term--which will be discussed later. Another possible 
cause noted by Tanner and Pelton (i960, p. 3397) was that 
neglecting soil heat flux caused the largest error in the 
fall when the soil was rapidly cooling, and in the spring 
when the latent heat of fusion of snow and ground-frost 
was required and soil warming occurred. 
The correlation of R^ and potential ET of figure ij.1 
shows the effect of the aerodynamic term. Many of the 
points fall near or slightly below the equal value line, 
but on a significant number of days potential ET was much 
more than net radiation. On these days significant advection 
apparently occurred. This distribution contrasts with the 
correlation of ET and pan evaporation shown in figure 1|2. 
Here, the scatter of points is significantly less--despite 
the fact that the statistics are no better because of some 
outliers. This reduction in scatter can be attributed to 
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Figure I4.O,  Annual distribution of net radiation over computed potential ET 
for corn during 1969 
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the fact that both the pan evaporation and ET values 
respond to the aerodynamic effects. The pan evaporation 
over ET ratios of figure I4.3 show a uniform annual relation 
except for some tendency of increased pan evaporation late 
in the year. An important aspect of these comparisons is 
that the computed and observed values have very similar 
daily sensitivity which makes the computed potential ET 
values very useful for hydrologie research. 
An interesting question about the combination model 
concerns the relative magnitude of the radiation and 
aerodynamic terms throughout the year. Ratios of these 
two terms, ( (A/^) Rj^)/(791 d^ u^ W are shown in figures 
ij-ij. and [|.5 for the 2 years of calculations. It is apparent 
that the aerodynamic term is nearly equal or dominates 
early and late in the year, but net radiation dominates 
during the midyear. 
The accumulative curves of figures J4.6 and l\.f summarize 
the net radiation, pan evaporation, and computed potential 
ET for 1969 and 1970» The 1969 values show that and ET 
are very similar--as was intended when estimating the wind 
parameter values. During 1970, however, the ET values were 
significantly more than R^. This difference is apparently 
real because pan evaporation was i|.9 in. during 1969, and 
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during 1970 
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55 in. for 1970. Potential ET was about Ij.! and ij.3 in. for 
1969 and 1970, respectively, while equivalent net radiation 
over corn was I4.O and 37 in.; thus the difference between 
ET and was about 1 and 6 in. for the two years. The 
summer of 1970 was quite hot and dry compared with 1969 
when more uniform rainfall distribution occurred (see 
figures ^8 to 6l ); thus there probably was more advection 
in 1970 than 1969. 
It is apparent that these accumulative curves are 
reasonably smooth despite the large daily variation in the 
values. It is this fact that allows some empirical methods 
to operate moderately successfully. The potential ET values 
representing these accumulative curves were used for the 
actual ET calculations discussed in the next section. 
In summary, we have shown that once acceptable wind 
parameter values were obtained, calculated daily potential 
ET values compared favorably with net radiation and pan 
evaporation. Correlations with pan evaporation showed good 
daily sensitivity, and there was a better correlation 
between ET and pan evaporation than between ET and net 
radiation. The apparent reason was the influence of 
aerodynamic parameters. 
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Error Analyses 
An important aspect of computing ET values by the 
combination model is the expected error of the computed 
values. Of course, this error depends on the expected 
error of the independent variables, but with the working 
ET model having the form 
it is apparent that the error caused by any one variable 
is quite dependent on the values of the other variables. 
We can, for example, intuitively see that the percentage 
of any error transferred to E depends on the relative 
magnitude of the net radiation and aerodynamic terms. 
There are two aspects of error investigations. First, 
given a probable error of any one variable, we can ask 
what probable error will be caused in the computed value. 
This approach is actually a sensitivity analysis; that is. 
It shows the relative sensitivity of the computed value to 
each of the Independent variables. The second aspect is 
one of defining expected errors for each of the variables 
E 
( A/r) + 791 d^UgW"^ ( 6 )  
(1 +(A/y)) 1481 
where 
( 7 )  
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and defining their combined effect on the dependent 
variable, E. This aspect is much more complicated. 
In this section, we will develop equations to 
describe the sensitivity of the Independent variables 
and show examples of their results, but only briefly 
discuss the general error situation. 
Scarborough p. 9) showed that for a function 
N = f(Uj, Ug, Uj,'..) , (8) 
the relative error of N denoted by the subscript would 
be def ined as 
AN ôN Au, B N Aup 
Nfc = __ = L + ^ • • • 
C TT au; N aUg N (g) 
Using this definition of relative error. It is also 
apparent that 
"I4 = ^^1 , or Auj= UjU^. (10) 
ui ^ 
Thus, we can write 
N, . If Zi If ^ + ... 
a "i N a Up N (II) 
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The relative error is comparable to a decimal percentage. 
Thus equation 11 can be interpreted as the error percentage 
of N caused by the percentage errors of u^, U2, etc. If 
the variables are considered singly with the assumption 
that all other variables have zero error, this equation 
shows the error percentage of the dependent variable caused 
by a specified error of the independent variable; that is, 
the sensitivity of the result to the independent variable. 
The complete equation 11 would give the total expected 
error of the dependent variable when the error of each 
independent variable is specified. 
The error solution of equation 11 was applied to the 
combination equation 6 and wind profile equation 7 for each 
of their variables individually, and was then applied to 
the combined variables. For example, the relative error 
equation representing net radiation, was developed by 
first writing 
then rearranging the combination model 
( A /"v ) R - 1  
E 
791 d^u^W 
(l+( A/dfjil^Gl 
( 1 3 )  
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and differentiating to give 
a E = ( A/y) 
a Rn (l+( A^))li|8l . (ll|) 
Substituting 13 and lij. into 12 gave the result 
Et = R 
79. • 
^ (Vr)«n ^ 
Equations representing the other variables are 
presented in table 2, The three aerodynamic terms are 
represented by the same equation. The equations for Z^, d 
and ZQ for errors of E were developed by substituting 
equation 7 into 6. Note that the effects of these three 
variables were also considered separately for both equations 
6 and 7* It is apparent from these equations that the 
effect of any one variable is quite dependent on the 
magnitude of several others. 
Example results are shown in figures J4-8 to for the 
1969 data over grass and corn. In figures 1|8 and I|.9, the 
relative sensitivities of A, d^, u^ and W are shown; 
plus the total relative error, which assumed a uniform 
error of all variables. As expected, E became more sensitive 
to R^ during midyear when net radiation dominated (figures 
and Ij.5 ) • The opposite occurred for the aerodynamic 
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Table 2. Equations defining relative error of the combination 
model and wind parameter 
Variable Relative Error Equation 
Combination Equation 5 
" ,7,1 d, I w-L , ^ 
A Ef " " 791 ^ 1» "a ^  — ..jyA  ^
 ^ C^ n + y [791 da u, W'l]) y + A " 
' [ Wv/R. 3 . . 
791 da ua W-1 
Z m 2 W-% 1 7 ^  
® ^ r (A/y) Rn . , ^ (1 - [d/Za]) 
791 da Ua W"! 
E , .  - U d !  i —  d ,  
« r <A/y) Rn . + 1 Z» - d ' 
791 da Ua W"! 
Zo Et - ... ? Zo4 
[ j + i 
791 da Ua W"! 
All " Ki (R^) + Kg (4g) + Kg (dgg) + K* (u^) + 
*5 (Zag) + K* (4() + *7 (^ of) 
where K, to Kj are as defined above for each 
variable 
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Table 2. Continued 
Variable Relative Error Equation 
Wind Parameter Equation 6 
2:, Wg - 2 (zTT^-a) w"t z.g 
d Wg " 2 (Y^ ~3) dg 
Zo - 2 W"^ Zgg 
Rn 
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Figure k9. Relative error values for the combination equation for 
corn during 1969 
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variables d^, and W. E was not largely sensitive to A. 
The total error of E was nearly double the error of the 
independent variables. Thus, if all variables had a +^% 
error, E would have an error of approximately +10%. A 
comparison of figures i|.8 and i|.9 showed little difference 
between corn and grass, and very similar magnitudes and 
distributions were obtained with the 1970 data. 
Figures jpO and show the effects of wind profile 
parameters Z^, d, and on both the E values (equation 6) 
and W values (equation "f ). The calculated E values were 
not too sensitive to and d values, and of course the 
relative error of d was 0 until crop height was such that 
a displacement would be calculated by equation 5- Only 
10% to 20% of a ZQ error would be transmitted to calculated 
E values; however, in this case the magnitude of the 
expected error became important. We discussed earlier 
in this chapter the poor results obtained when using 
estimated Z^ values by the techniques described in 
Appendix B; when compared with the "acceptable" values, 
those estimated (Appendix B) were several hundred percent 
in error. Thus, even though values of figures $0 and ^1 
suggest that only 10% to 20% of any error of Z^ would 
appear in E, this amount was significant when the Z^ errors 
were extreme. Of course, this argument would also apply 
Figure ^0. Relative error values for the wind parameters for 
grass during 1969 
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Figure 51» Relative error values for the wind parameters for 
corn during 1969 
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to any of the other variables, but their errors are not 
likely to be this great. The relative errors of shown 
in figures ^0 and ^1 agree reasonably well with those 
suggested by van Bavel (1966, p. ^ ^8), but he did not 
consider the possible magnitude of the error. 
The three bottom graphs of figures $0 and show 
that the relative errors of W are functionally dependent 
on the measured values, estimated W values (figures 31 
to 3k-) > and calculated d values (equation ^  ). The break 
in the and d corn curves about mid-November was the 
effect of corn harvest. 
The results of this error study showed the sensitivity 
of the calculated E values to the independent variables. 
Because the sensitivity of any single variable is dependent 
on the magnitude of the others, there is no method of 
visualizing the potential sensitivity by means other than 
a day-to-day treatment of the sensitivity equations. The 
error analyses showed that E values were not exceptionally 
sensitive to any variable. Net radiation became quite 
important during midyear and, similarly, the aerodynamic 
terms became important early and late in the year. 
lij.6 
Tanner and Pelton (i960, p. 3396) gave a general 
error discussion of the equation as applied to their 
situation, and arrived at similar conclusions. They 
carried their considerations farther into the expected 
errors of the several variables and their probable effect. 
This is the second necessary aspect mentioned earlier, 
but this amount of detail was beyond the scope of this 
study. 
I k l  
ACTUAL ET CALCULATIONS 
To arrive at a day-to-day soil moisture status, we 
must know the daily values of the soil-plant-air model 
shown in figure 1. As discussed in the section on 
procedures, precipitation and actual ET are the main 
processes of water movement in this model. Precipitation 
is most often measured, which leaves actual ET next in 
importance for consideration. To this point in the study, 
we have calculated daily potential ET values; however, 
because of plant and soil characteristics and soil moisture 
status, actual ET is often less than potential. In this 
section, we will present the details of a rational model 
to obtain actual ET from potential ET and will evaluate 
the results by comparing measured and calculated soil 
moisture profiles. 
In the section on procedures, we discussed the 
considerations necessary for calculating actual ET and 
the flow chart shown in figure 2. The reader may wish to 
review this discussion before proceeding with the details 
that fol lowo 
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Rational ET Model Description 
Following the same format as shown in figure 2, a 
more detailed flow chart of the soi1-plant-air model 
(figure l) is shown in figure ^2, The graphs and curves 
sketched in figure 52 are examples of those used. These 
relations will be shown in detail as each process is 
considered approximately in the sequence shown in figure ^ 2, 
In the soi1-plant-air model we are primarily interested 
in water movement, but the energy for this movement comes 
mostly from the sources which cause ET. Therefore, our 
first task in developing the model was to consider how the 
available ET energy is partitioned and what water is moved 
by this energy; then to consider this water movement and 
the resulting affect on the soil moisture profile. Thus, 
all of the processes in figure $2 from potential ET to 
actual ET consider energy division; and those near the 
bottom of the figure, connected by crosshatched lines, 
involve actual water movement. 
We begin with a known daily potential ET. In this 
study we used the potential ET calculated by the combination 
mode 1. In future applications, this potential may be 
defined by reduced pan evaporation or other means. 
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Figure 52. Schematic of the rational model for computing 
actual évapotranspiration and soil moisture status 
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Intercepted water lying on the plant leaf surfaces 
or surface soil particles has the first opportunity to 
utilize the ET energy. This water would readily evaporate 
with little restriction. Of course, intercepted water 
would be present only after rainfall. The quantity of 
intercept ion is quite variable and is not well documented. 
For this study, a maximum value of 0.10 inch was assumed, 
regard less of canopy. In cases of little canopy, this 
partially allowed for soil evaporation when the soil 
surface was quite wet. Thus, the model operated by storing 
0.10 in. of any daily rainfall as interception, and this 
was considered to have evaporated at the first opportunity. 
This intercept ion evaporation became the first component 
of actual ET. 
The remaining energy was next divided between that 
available for soil evaporation and that for plant trans­
piration, This division was based on field estimates of 
canopy shown in figures 31 to 3l|.; thus the split was based 
mostly on radiation. Some recent studies show detailed 
measurements of radiation and energy penetration into the 
plant canopy, which might be used to improve the simplified 
approach taken here (Hanks et al. I971), 
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Gardner and Hi 1 le 1 (1962) showed that soil evaporation 
proceeds at near the potential rate for an initially wet 
soil; but soon after the surface dries, the rate is 
dependent on the soil transmission of water to its surface. 
This water movement then would depend on the moisture 
tension and unsaturated conductivity, which both in turn 
depend on soil moisture content. For the model, a relation 
of actual/potential soil evaporation versus average soil 
moisture content of the top 6 in, was estimated which 
reflected these considerations. This empirical relation, 
shown in figure 53, allowed for soil evaporation at the 
potential rate above Ij-O^ soil moisture and no evaporation 
below 25%' -A similar curve between 35^ and 1^% was first 
used, but this reflected too much soil evaporation when 
comparisons of calculated and observed soil moisture were 
made. Having considered some soil evaporation as inter­
cepted water may have influenced this relation. In 
summary, the model procedures multiplied the actual/potential 
ratio times the potential for soil evaporation to calculate 
an amount of energy used for actual soil evaporation. 
The potential energy striking the soil surface but not 
used in evaporation is available for heating the soil and 
air and other minor energy sinks. This additional heating 
sets up convective turbulence within the plant canopy 
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Figure 53» Estimated relationship for converting potential to 
actual soil evaporation 
1^3 
and increases soil radiation; thus, some of this unused 
energy becomes available to the plant for transpiration. 
Tanner (19^7) described this procedure, and Hanks et al. 
(1971) presented data for 2 days which somewhat quantified 
this within-canopy advection. 
The relation shown in figure 5^ was used to estimate 
this soil-to-plant transfer. It was assumed that the 
transfer would increase linearly to 100% when the canopy 
reached 60%, and would then continue to be 100% for all 
denser canopies. It is improbable that the canopy would 
utilize all unused soil evaporation energy, but the values 
used appeared to be satisfactory as a first estimate. 
The potential for plant transpiration, shown on the 
right side of figure ^2, was the sum of the direct potential 
energy for transpiration plus an amount of the unused soil 
evaporation energy. The first aspect in utilizing this 
potential transpiration was to consider the phenological 
status of the plant with respect to its ability to transpire, 
For example, was the canopy a lush green crop actively 
growing, or a maturing crop with many inactive stems and 
leaves. 
Relationships shown in figure 55 were used to estimate 
this phenological condition. These were based on field 
observations. The same curve was used for both years of 
0 
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Figure 55» Relationships representing plant transpirability during the year 
depending upon the phenological plant status 
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calculations for each crop. For grass, a dead canopy 
existed during the winter which was gradually replaced as 
the new growth began in the spring. The cool season grasses 
at our location become partially dormant during late July 
and August because of heat and grazing, but they have some 
regrowth in early fall until frost and grazing again cause 
dormancy. 
Corn was immediately a fully transpiring canopy from 
emergence until it began maturing in late August. Of course 
there was little canopy present early in the year, but this 
was considered in the soil-plant division. Frost and 
harvest caused a rather abrupt decline in the fall, and 
only dead residue remained for winter and spring canopy. 
Soil moisture availability is one of the primary 
factors that determines transpiration, but because the 
soil moisture may vary considerably with depth, it was 
necessary to know where the plant was attempting to obtain 
its water. This, of course, primarily depends on root 
distribution, but additional effort (tension) is also 
required for a plant to lift deeper water; and if the soil 
texture varies the tension for extraction will also vary. 
For a first approximation in the relatively uniform 
loess being considered, an extraction pattern was estimated 
which was based primarily on root distributions of the two 
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crops as described by others (Linscott, Fox, and Lipps, 
1962; Weaver, 1926; Shaw, 1963 and 196i|), These sources 
were compared and summarized, and the results are presented 
in table 3» Each value in the table represents the 
percentage of the potential transpiration, reduced by 
the phenological condition, that would come from that 
soil zone if adequate water was present. The corn distri­
bution assumed a planting date of about May 1 and growth 
patterns as shown in figures 33 and 34» The grass was an 
established stand; thus the same extraction pattern was 
used for the entire year. 
It is well recognized that pla: ùs growing with limited 
available water will transpire at less than the potential 
rate due to stomata1 closure, increased soil tensions, and 
other physiological responses. This is the last consider­
ation before arriving at an actual transpiration value in 
the rational model as shown near the center of figure ^2, 
Denmead and Shaw (1962) have shown that the percentage 
of potential transpiration that actually occurs under 
conditions of limited available water is a function of both 
available soil water and the atmospheric demand (potential 
transpiration). They represented this effect by a relation 
like that in figure 52. The ratio values of actual/potential 
transpiration are plotted versus available soil moisture. 
Table 3 » Distribution of water extraction by transpiration, percent 
Corn Grass 
Depth Beginning Date of Period 
of Soil 
Zone May 10 June 7 June lij. June 27 July if July 11 July l8 July 25 Aug 1 All 
in. 
0-6 100 50 40 35 35 35 35 35 30 35 
6-12 50 27 25 25 25 25 25 25 30 
12-18 20 20 18 15 10 8 8 20 
18-24 13 10 10 8 8 7 7 10 
24^30 10 7 7 7 5 5 3 
30-36 5 5 5 5 5 2 
36-42 5 5 5 5 
i|2-I|.8 5 5 5 
5 5 
54-60 5 
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The three curves B, C, and D represent three levels of 
atmospheric demand. Shaw (1963 and 196i|) gave details 
of these curves and defined the demand rates as pan 
evaporation rates of less than 0.20 in./day (curve B), 
0.20 to 0.30 in./day (curve C), and more than O.3O in./day 
(curve D), He successfully applled these relationships to 
both meadow and corn. 
These same relationships were applied in this rational 
model, but the curves B, C, and D were defined in terms of 
the potential for transpiration as established prior 
to reductions for phenological status. The transpiration 
value associated with each curve was estimated by consid­
ering Shaw's pan values and trial computations. Pan 
evaporation would usually be more than the potential for 
transpiration; thus the transpiration value associated 
with each curve was usually less than the pan evaporation 
value. These relationships represent the crop's ability 
for continued transpiration under moisture stress; thus 
the same curve values probably would not apply to two 
different crops. Final assigned values for curves B, C, 
and D, respectively, were 0.10, 0.20, and O.3O in. for 
corn and 0.10, O.15, and 0.20 in. for grass. Rather than 
assign a range of values to each curve as did Shaw (1963, 
1961}.), interpolations were made between curves. To allow 
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full graph Interpolation, lines A and E were assigned 
values of 0,0^ and O.yO in., respectively, for both 
crops. The plant moisture stress relation was applied 
independently to each 6-In. soil zone in the 6-ft soil 
profile. The soil moisture status of each zone and the 
daily potential transpiration for curve interpolation were 
used for each calculation. 
The difference between the demand values of each 
curve for corn and grass suggests that grass reduces its 
transpiration more than corn under equal moisture stress. 
There was no means within this study to verify this effect. 
It is possible that the values were required to be different 
to account for some unknown factors. This is an item that 
should be considered in more detail. 
Thus, to summarize the calculation of actual transpi­
ration from each 6-in soil zone, the daily potential 
transpiration was first reduced to account for the plants 
phenological state; then a percentage of this reduced 
potential was assigned to each soil zone, primarily based 
on the plants' root pattern; and finally an actual/potential 
ratio was applied which was derived by considering soil 
moisture status and the total potential transpiration 
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(atmospheric demand). This procedure gave a computed 
actual transpiration to be abstracted from each 6-in. 
soil zone, and their sum was the calculated daily 
transpiration. 
The total daily actual ET was the sum of the inter­
cept ion evaporation, soil evaporation, and plant transpi­
ration as shown in the lower left portion of figure ^ 2. 
This daily value represented the energy actually used for 
ET. In addition, the calculation procedures defined 
which water was acted upon by this energy. The next steps 
in the rational model then considered the actual ET soil 
water abstractions and soil moisture readjustments due 
to infiltration and moisture tensions. 
First, the amount of soil moisture evaporation was 
abstracted from the top 6-in. soil zone. Transpired 
amounts were abstracted from the 6-in. soil zones depending 
on their calculated amount and distribution. Next, infil­
tration was considered as the average watershed precipi­
tation minus measured runoff and interception (O.IO in.). 
No time distribution was given to this infiltration, and 
it was assumed to be stored uniformly within the top 6-in. 
soil zone until that soil reached 0.9 of saturation; then 
additional amounts were cascaded to the lower soil zones 
with the same restrictions. 
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The last process considered in the rational model 
was the redistribution of soil moisture by the tension-
conductivity concept, as shown in the lower right of 
figure 52. Changing water contents due to actual ET and 
infiltration cause non-equilibrium moisture gradients 
within the soil profile which result in moisture move­
ment. Thus a soil moisture model would be incomplete 
unless this soil moisture redistribution was considered. 
The basic Darcy equation of soil moisture movement can 
be written 
r, = k â (H + Z) 
^ ^ (At) (16) 
where : 
3 -2 q = vertical water movement, cm cm ^ 
k = conductivity cm min 
H = soil moisture tension head cm 
Z = elevation head cm 
At = element of time min 
In the case of unsaturated soil, both K and H are 
functions of the soil moisture present, and these relations 
must be known or determined. For the loess soils of 
western Iowa, work by Melvin (1970) provided relationships 
that were applied. The moisture-tension relationships 
shown in figure ^6 were used as the average of the wetting 
and drying curves shown by Melvin (1970, p. 130). The 
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moisture-conductivity relation, shown in figure 57, was 
used as the lower curve presented by Melvin (1970, p. 169). 
-A curve of higher conductivity values based on tension 
characteristics was first applied, but excessive moisture 
movement was computed. These relationships were applied 
to the complete soil profile because of the relative 
uniformity of these loess soils. A separate relationship 
for each 6-in. soil zone could have been applied if 
necessary and known. 
The moisture movement was computed between successive 
6-in. soil zones by applying equation l6 over ij-hour time 
periods; that is, the moisture contents were assumed 
constant for a l^-hour period; thus tensions, conductivities, 
and flow rates were held constant. Moisture contents were 
readjusted after each If-hour period, new tensions and 
conductivities determined, and the next i^-hour period 
considered. Thus, soil moisture was redistributed in six 
steps per day. Earlier computations using one hour time 
periods showed almost identical results. In most cases, 
it would probably be possible to use periods longer than 
hours with little error. 
The complete 6-ft soil profile was considered by 
6-in. increments for each ^-hour period and moisture allowed 
to flow either up or down, depending on the tension and 
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gravity gradients. The 6-in. zone directly below the 
6-ft soil profile was held at a constant moisture content 
of 0.9 field capacity (one-third bar tension). This 
procedure considered percolation into or out of the 6-ft 
root zone. 
Several processes within the rational model required 
values of the soil moisture constants of saturation, field 
capacity, and wilting point. These values were determined 
by co n s i d e r i n g  t h o s e  p u b l i s h e d  b y  S h a w  e t  a l .  ( 1 9 ^ 9 ) ,  
unpublished data of the Soil Conservation Service Soil 
Survey Laboratory at Lincoln, Nebraska, and observed soil 
moisture data on the Treynor, Iowa experimental watersheds. 
The values used were 11, 30, and by volume for wilting 
point, field capacity, and saturation, respectively. Recent 
field data indicate that the wilting point and field capacity 
values should probably be 2% to 3% more. 
In summary, the soil moisture in the 6-ft root zone 
was adjusted daily by withdrawing actual ET, considering 
infiltration into the surface horizons, and redistributing 
soil moisture by the tension-conductivity concept. These 
three steps allowed computing soil water quantities and the 
soil moisture profile in 6-in. increments. The sequence of 
considering the processes was somewhat arbitrary; they 
actually proceed simultaneously but the results indicate 
this method of application did not cause significant error. 
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The computed soil moisture values were important 
from two aspects: (l) the actual ET was quite dependent 
on the soil moisture status, and (2) the primary method 
of evaluation, to be discussed later, was based on a 
comparison of measured and computed soil moistures. 
The complete rational model was programmed on an 
I.B.M.36O-65 computer, and a complete set of caIculations was 
made for the same periods considered for computing potential 
ET values. The soil moisture values calculated for each 
day were used as input to the calculations of the following 
day. Initial soil moisture values were estimated as 0.8 
of field capacity, but calculated values were set equal to 
observed values on the day of the first sampling of the 
season. The calculated values from that time forward were 
then dependent only on the model's operation. 
Results and Evaluation 
The rational model was operated by the use of: (l) the 
relations described in the previous section, (2) precipi­
tation and runoff values, and (3) the first set of observed 
soil moisture values early in the year. The results of 
these calculations will be summarized in this section. These 
are only a few of the results that can be obtained from a 
model which encompasses the many facets of the system 
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represented. By necessity, most of the results will be 
presented as graphical summaries. This masks and omits 
many interesting details such as withdrawal patterns of 
transpiration from soil moisture, changing soil moisture 
tension patterns, and water movement between the soil 
zones; but these data are too numerous and are only 
obliquely related to the immediate objectives of this 
study. 
The actual ET values were arrived at by several trials 
with the rational model. We have mentioned most of the 
changes which were made during these trials as we discussed 
the details of the relations in the preceding section. 
After the initial run, the adjustments can be summarized 
as: (l) changing the soil evaporation actual/potential 
relation, (2) accounting for the phenological decline of 
the grass during late summer, (3) slightly adjusting 
the assigned transpiration values of the moisture stress 
curves B, C, and D, and (i|) selecting the curve with lower 
soil moisture conductivities as presented by Melvin (1970)» 
Only two or three trial runs were used to make these 
adjustments and arrive at the results presented. Data 
from both years were usually used for each trial. 
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Accumulative volumes of the principal variables 
that were considered for the calculations of both 
potential and actual ET are presented in figures $6 
through 61. Some of the variables related to potential 
ET were presented earlier, but they are repeated here 
for direct comparison with the actual ET variables. The 
uppermost line in each graph presents a comparison of 
calculated and observed total soil water in the top 6 ft 
of soil. Note that the calculated values were made equal 
to those observed on the first sampling date. Although 
total profile soil water provides one good comparison, 
the moisture of soil depth zones shown later (figures 
66-73) provides much more detail; thus the discussion of 
soil moisture will be delayed until this presentation. 
Actual ET was, of course, significantly less than 
the potential values. The reasons are as complex as the 
rational model and vary from day to day as the relations 
in the model require. The amounts of the actual ET 
components--intercept ion evaporation, soil evaporation, 
and transpiration--are shown in figures 62 through 65. 
Although no direct methods are available for evaluating 
these amounts, they appear rational. The actual ET 
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components are subject to the relations defined in the 
model, but total actual ET is constrained by actual 
observations of precipitation and soil moisture so it 
must be reasonably accurate. 
Monthly and total values of the curves shown in 
figures $8 through 6^ are summarized In tables Ij. and 5» 
The results for the 2 years are quite similar. In both 
years, the grass had slightly more actual ET than corn. 
An interesting difference between corn and grass soil 
evaporation and transpiration was caused by their canopy 
differences. Of course interception evaporation was 
nearly identical because canopy was not considered in 
this calculation and only minor precipitation differences 
occurred between the two watersheds, 1 and 3. 
The principal method of evaluating the results of 
the rational model and the computed actual ET was by 
comparison of measured and observed soil moisture. In 
figures 66 through 73 are shown the soil moisture values 
of 7 soil zones below both grass and corn for the two 
study years, 
A visual comparison shows good general agreement 
between the calculated and observed values. Small biases 
are yet present, such as in the deeper zones under grass 
during 1969. Some adjustments may still be warranted, 
Table ij-. Monthly summary of 
for 1969 
calculated ET, components, and related var iables 
Crop Pan 
Evap 
Net 
Rad, 
Pot. 
ET 
Actua1 
ET 
Inter. 
Evap. 
Soil 
Evap, 
Trans. P-qb Perc.c 
in. in. in. in. in. in. in. in. in. 
March^ Grass 
Corn 
2.99 2.73 
3.18 
2.07 
2.27 
0.30 
.it-1 
0.1^ 
.12 
0.13 
.29 
0.03 
.00 
0.69 
.76 -
0.21 
• .21 
Apr i1 " 6.20 i]-.6l 
4.77 
4.93 
5.10 
3.71 
2.49 
.44 
.43 
•53 
2.06 
2.74 
.00 
4.49 
4.78 
.50 
. 12 
May " 5.94 5.16 
5.63 
S'So 
5.87 
4.99 
2.30 
.75 
.72 1.58 
4 . 19  
.00 
3.90 
3.71 
1.36 
1.60 
June " 
ir 7.99 6.^3 6.30 
6.86 
6.75 
4.71 
2.51 
.78 
. 66 
.01 
1.45 
3 .91  
.41 
3.43 
3.93 
= 75 
1.62 
^Class A pan at météorologie station near boundary of corn and 
grass watersheds. 
^Average watershed precipitation minus runoff and interception. 
^ C a l c u l a t e d  a m o u n t  m o v i n g  a c r o s s  t h e  b o t t o m  o f  t h e  6 - f t  s o i l  p r o f i l e ,  
p o s i t i v e  d o w n w a r d .  
^ B e g i n n i n g  M a r c h  9 .  
Table 4. Continued 
Crop Pan Net Pot. Actual Inter. Soil Trans. p-qb Perc 
Evap. Rad. ET ET Evap. Evap. 
in. in. in. in. in. in. in. in. in. 
July Grass 6.98 6.55 6.28 4.22 0.47 0.04 3.72 4.86 0.34 
Corn 6.66 6.05 5.30 .52 .69 4.07 5.20 1.46 
Aug. fî 7.22 6.31 6.77 3.61 .35 .03 3.23 4.77 . 16 tt 6.48 6.39 $.60 .36 .02 5.24 3.85 .80 
Sept. !1 4^60 3.93 k ' h 3  3.09 .45 .03 2.62 1.12 .09 ff 3.98 3.94 2.62 .44 .02 2.15 1.35 .07 
Oct. tt 3.78 1.94 2.44 1.70 .60 .07 1.02 4.09 .07 t! 2.12 2.83 .85 .57 .09 .19 4.15 - .02 
Nov. ÏI 3.30 . 66 1.37 .26 .17 .03 .06 .09 .06 t! 1.09 1 .85 .23  . 12 .00 .27 . 06 
Totals tt 4^.00 38.32 1^0.65 26.59 4.15 .92 21.52 27.44 3.12 tt 
k o . z k  41.05 22.43 4.05 6.32 12.06 28.00 5.48 
Table 5« Monthly summary of calculated ET, components, and related variables 
for 1970 
Î) C 
Crop Pan Net Pot. Actual Inter. Soil Trans. P-Q Perc. 
Evap, Rad. ET ET Evap. Evap. 
in. in, in. in, in, in, in, in. in* 
Grass 2.k7 1.59 1-30 0.23 0.1^ 0,0? 0.02 O.36 -0.21 
Corn 1.69 I.I8 .26 . lij. .12 .00 .39 - .21 
April " 5.96 3.41 5.33 3.52 .55 .36 2.61 3.07 .63 
" 3.93 5.21 1.42 .44 .98 .00 3.14 .11 
May " 8.55 5.53 7.37 5.16 .63 .02 ^.^1 3-08 .68 
" 5.68 6.32 1.71 .61 1.09 .02 3.03 .68 
June " 9.16 6.13 8.26 3.32 .lj.7 .00 2.85 2.12 .37 
" 6.45 7.78 3.80 .53 .5I4- 2.72 2.35 1.1k 
^Class A pan at météorologie station near boundary of corn and 
grass watersheds. 
^Average watershed precipitation minus runoff and interception. 
^ C a l c u l a t e d  a m o u n t  m o v i n g  a c r o s s  t h e  b o t t o m  o f  t h e  6 - f t  s o i l  p r o f i l e  
p o s i t i v e  d o w n w a r d .  
^ B e g i n n i n g  M a r c h  13. 
Table 5« Continued 
Crop Pan a Net Pot. Actua1 Inter « Soil Trans. P-Q^ Perc 
Evap. Rad. ET ET Evap. Evap. 
in. in. in. in. in. in. in. in. in. 
July Grass 9.56 6.34 6.94 2.92 0.77 0.03 2.12 4.72 0.17 
Corn 6.52 7.30 5.71 .79 .10 4.82 5.39 .76 
Aug. 15 7.38 5.74 5.80 3.78 .40 .06 3.32 3.95 .06 
M 5.60 5.91 5.76 .40 .11 5.25 4.11 .09 
Sept. If 5.77 3.611 4.17 2.95 .68 .10 2.17 4.51 .00 
11 3.6I1 4.63 3.09 .68 .16 2.25 4.50 - .20 
Oct. M 3.42 1.89 2.)i5 1.90 .48 .13 1.29 4.08 .01 
t l  2.20 2.99 1.24 . 5 1  .55 .18 4.33 - .21 
Nov. I! 3.30 . 60 1.11 .49 .33 .11 .05 1.38 . 3 0  
It 1.05 1.61 • 7 1  .38 •33 .00 1.37 . 2 3  
Totals t t  55.57 34.87 42.73 24.27 4.45 .88 18.94 27.27 2.01 
II 36.76 42.98 23.70 4.48 3.90 15.24 28.61 2.39 
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par t icu lar ly  i f  more e f for t  is  g iven toward def in ing the 
process re la t ions of  the rat ional  model ,  such as the crop 
moisture s t ress curves.  By observ ing the prof i le  zones,  
er rors in  speci f ic  re la t ions,  such as so i l  evaporat ion or  
root  d is t r ibut ion,  soon became apparent  and adjustments 
were made accord ingly .  Some er ror  compensat ion was a lso 
inherent  in  the model ;  that  is ,  too l i t t le  computed so i l  
evaporat ion would have a l lowed some overest imat ion of  
t ranspi rat ion in  the upper  zone.  
The summary g iven in  tab le 6 is  another  example o f  
deta i ls  avai lab le f rom the rat ional  model .  The to ta l  
water  movement  in to and out  o f  the 6- in .  so i l  zones 
because of  in f i l t ra t ion,  percolat ion,  and actual  ET is  
shown.  This  summary a lso shows the amount  o f  water  
ca lcu lated to  have percolated out  o f  the 6- f t  prof i le .  
A watershed budget  o f  the ground water  e levat ions and 
base f low measurements was made,  and the computed perco­
la t ion amounts were qu i te  s imi lar .  This  po int  s t rengthens 
the so i l  moisture ver i f icat ion.  
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Table 6 .  Summary o f  so i l  moisture movement ,  for  grass 
dur ing 1969 
Soi l  
Zone In f  i I t ra t  ion Percolat ion Net  Net  Actual  
in  out  in  out  in  out  ET 
f t  in .  in .  in .  in .  in .  in .  in .  
0.0-0.5 23.02  7 .19  0.0 8.26 23.02  15 .45  8 .59  
0 .2-1 .0  7 .19  2 .42  8.26 7.00  15 .45  9 .42  6 .35  
1 .0-1.5 2.42  .82 7.00  5 .32  9 .42  6.14 4 .13  
1.5-2.0 .82 .52  5 .32  3 .59  6.14 4.11 2.22  
2.0-2.5 .52 .14 3.59  3.24 4.11 3.38  .69  
2 .5 -3 .0 .14 .00 3.24 2.95  3 .38  2 .95  .47 
3.0-3 .5  .00  .00 2.95  3 .02  2 .95  3.02 .00 
3.5-4.0 .00 .00  3 .02  3 .14  3.02 3.14  .00  
4 .0-4 .5  .00 .00  3.14 3.24  3 .14  3 .24  .00 
4.5-5.0 .00  .00 3.24  3 .30  3 .24  3 .30  .00 
5.0-5.5 .00 .00 3.30  3 .27  3 .30  3 .27  .00 
5.5-6.0 .00 .00 3.27  3.12 3.27  3.12 .00 
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SUMMARY AND CONCLUSIONS 
Many procedures are avai lab le for  est imat ing évapo­
t ranspi rat ion (ET),  but  two s tand out  as being par t icu lar ly  
appl icable to  watershed hydro logie research.  Lys imeters 
are a ra ther  d i rect  method but  they are expensive and 
d i f f icu l t  to  mainta in.  A combinat ion model  which inc ludes 
the ver t ica l  energy balance and aerodynamic e f fects  a l lows 
ca lcu lat ing only  a potent ia l  for  ET,  but  th is  method is  
pract ica l  and o f fers  the best  oppor tuni ty  for  rout ine use.  
This  procedure was tested for  a 2-yr  per iod on research 
watersheds in  western Iowa.  A ra t ional  model  o f  crop and 
so i l  character is t ics  was used to  conver t  the potent ia l  ET 
va lues to  actual  ET.  
The research data consis ted of  measurements f rom two 
sets  of  météoro logie inst ruments,  one over  corn and the 
other  over  grass;  and crop and so i l  moisture observat ions 
were made.  Measurements were made f rom March through 
November dur ing 1969 and 1970* The météoro logie inst ruments 
measured net  rad iat ion,  humid i ty ,  temperature,  and wind 
t ravel ;  and they were operated cont inuously .  Crop 
observat ions were made each 2 or  3 days and so i l  moisture 
was measured each 1 or  2  weeks.  
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Dai ly  potent ia l  ET was ca lcu lated by the combinat ion 
model  which was presented by Penman ( l9 l |6) ,  and modi f ied 
and ver i f ied by Tanner  and Pel ton ( i960)  and van Bavel  
(1966) .  The observed météoro logie va lues were appl ied 
in  conjunct ion wi th  est imated wind prof i le  parameters.  
Standard methods for  est imat ing wind prof i le  parameters 
could not  be appl ied;  thus another  method was developed.  
Calcu lated potent ia l  ET va lues were qu i te  s imi lar  for  
the two crops,  exhib i ted a s t rong annual  t rend,  and had 
considerable day- to-day var ia t ion throughout  the year .  
The da i ly  potent ia l  ET va lues compared bet ter  wi th  pan 
evaporat ion than net  rad iat ion,  apparent ly  because the 
evaporat ion pan and the combinat ion model  both respond 
to  aerodynamic e f fects .  Accumulat ive potent ia l  ET 
was  near l y  equa l  t o  accumu la t i ve  ne t  rad ia t ion  fo r  1 9 6 9 ,  
but  ET was about  6 in .  more in  1970.  Tota l  ca lcu lated 
potent ia l  ET amounts were about  0.81|  and 0.77 of  pan 
evaporat ion for  the two years,  and had very s imi lar  annual  
d is t r  ibut  ions .  
The potential ET values calculated by the combination 
model were used as input values to a rational model for 
calculating actual ET (see figure 52). Plant and soil 
moisture effects were considered by a sequence of empirical 
relations which represented the major factors in the 
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soi l -p lant -a i r  system. The ca lcu lated actual  ET va lues 
were the sum of  est imated amounts o f  in tercept ion evapo­
rat ion,  so i l  evaporat ion,  and t ranspi rat ion.  The ET 
wi thdrawal  prof i le  f rom the so i l  was ca lcu lated;  in f i l ­
t ra t ion was considered as measured prec ip i ta t ion minus 
measured watershed runof f  and in tercept ion ;  and so i l  
moisture red is t r ibut ion wps ca lcu lated by apply ing tens ion 
and conduct iv i ty  re la t ionships in  the Darcy equat ion for  
unsaturated f low.  
The to ta l  ca lcu lated actual  ET was 26.6 in .  and 21} . .3  in .  
for  grass dur ing 1969 and 1970,  respect ive ly ,  and 22. i | .  in .  
and 23-7 in .  for  corn.  These are about  to  65^ of  the 
to ta l  ca lcu lated potent ia l  ET,  but  the i r  annual  d is t r i ­
but ions are somewhat  d i f ferent .  The ca lcu lated amounts o f  
the actual  ET components-- in tercept  ion evaporat ion,  so i l  
evaporat ion,  and t ranspi rat ion--d i f fered considerably  
between corn and grass;  and a l though they were qu i te  
ind icat ive,  there was no ver i f icat ion of  the i r  correctness.  
The ca lcu lated actual  E T  amounts were ver i f ied by 
graphica l  compar isons of  ca lcu lated and observed so i l  
moisture.  Good agreement  was achieved throughout  the year  
which assured that  the ca lcu lated ET amounts were reasonably  
accurate.  This  ver i f icat ion was s t rengthened by a favorable 
compar ison of  ca lcu lated to ta l  percolat ion f rom the 6- f t  
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soi l  prof i le  wi th  est imates f rom ground water  budgets 
o f  the loess ia l  watersheds.  
The combinat ion energy budget-aerodynamic method 
prov ided good est imates of  da i ly  potent ia l  ET.  However ,  
the correct  representat ion of  the wind prof i le  parameters 
was d i f f icu l t  to  assess for  watershed condi t ions.  Usual  
est imat ion methods could not  be used.  Good agreement  
was obta ined between ca lcu lated potent ia l  ET va lues and 
pan evaporat ion,  which suggests that  adjusted pan 
evaporat ion va lues may prov ide an adequate est imate of  
watershed potent ia l  ET.  This  poss ib i l i ty  needs fur ther  
ver  i f  icat  ion.  
The ra t ional  model  o f  the so i l -p lant -a i r  system 
prov ided sat is factory values of  actual  ET.  A l though 
severa l  re la t ionships and coef f ic ients  were est imated by 
t r ia l ,  th is  approach holds considerable promise for  
represent ing the major  processes and in terre lat ions that  
occur  in  th is  system. The est imated re la t ionships can 
be improved as we add to  our  knowledge.  Many factors 
are considered in  th is  model  which wi l l  be usefu l  to  the 
agronomist  or  hydro logis t ,  such as crop moisture s t ress,  
so i l  moisture prof i les,  and in f i l t ra t ion potent ia ls .  
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APPENDIX A 
DERIVATION OF THE COMBINATION EQUATION 
The combinat ion energy budget-aerodynamic equat ion for  
ca lcu lat ing potent ia l  ET which is  der ived in  the fo l lowing 
pages is  of ten ca l led the "Penman Method."  A l though i t  
conta ins the basic  phenomena proposed by Penman (19/ |8)^ ,  
i t  has been fur ther  ref ined by us ing measured net  rad iat ion 
and a wind prof i le  funct ion consis tent  wi th  the modern 
representat ion of  turbulent  wind movement  over  rough sur faces.  
The der ivat ion that  fo l lows is  not  or ig ina l  work of  the 
author  but  an at tempt  to  systemat ica l ly  present  the theory 
and assumpt ions under ly ing the combinat ion equat ion.  The 
s teps in  the der ivat ion are:  
1 .  A representat ion of  the ver t ica l  energy 
budget  o f  the so i l  or  p lant  sur face,  
2 .  Apply  the Dal ton- type t ranspor t  funct ion 
to  def ine Bowen's  ra t io ,  
3 .  Apply  Penman's  psychrometr ic  s impl i f icat ion 
to e l iminate the need of  a sur face temperature,  
l \ . .  Apply  the ver t ica l  t ranspor t  equat ion obta ined 
f rom turbulent  t ranspor t  theory.  
1 .  References are inc luded in  L i terature Ci ted of  main 
text ,  
207  
Al though the combinat ion equat ion is  phys ica l  
it conta ins a number o f  assumpt ions which must  be c  3^3 
An example is  the Penman psychrometr ic  adjustment  v as­
sumes a saturated vapor  pressure at  the sur face;  thus, ,  the 
equat ion cannot  s t r ic t ly  be appl ied to  dryer  condi t ions.  
The turbulent  t ranspor t  theory conta ins severa l  assumpt ions 
among them that  the eddy d i f fus iv i t ies for  momentum and 
water  vapor  are equal ,  which has been shown to  be only  
approx imate ly  t rue.  Usual ly  the error  associated wi th  
these assumpt ions is  ins ign i f icant  in  the f ina l  resul t .  
Step I :  Ver t ica l  Energy Balance 
The ver t ica l  energy budget  shown in  f igure A- l  (a t  the 
end o f  th is  sect ion)  may be expressed as 
R n  =  L E  +  A  +  S  +  X  ( l )  
where :  
Rn = Net  rad ia t  ion Cal  cm -2 min •1 
A = Sensib le heat  o f  a i r  Ca 1  cm -2  min •1 
LE = Latent  heat  o f  water  vapor  Cal  cm -2 min"  1  
L = Heat  o f  vapor izat ion Cal  cm -3 
E = Depth of  evaporated 
water  Cm^ cm -2 min"  1 
S = Soi l  heat  Cal  cm" 
X " =  Miscel laneous heat  s inks 
such as photosynthesis ,  p lant  
and a i r  heat  s torage.  Cal  cm •2 min 1 
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These terms are of  energy f lux densi ty ,  expressed as 
energy per  un i t  area per  un i t  t ime.  Pract ica l  un i ts  
are of ten expressed as water  depth per  un i t  t ime by 
assuming t l ie  energy per  un i t  vo lume needed for  l iqu id-
— 2  to-vapor  phase convers ion of  water .  The un i ts  ca l  cm 
are of ten def ined as Langleys,  Ln.  
In  évapotranspi rat ion work,  the heat  s tored in  the 
so i l  and p lants  and the miscel laneous heat  s inks (Tanner  
i960)  are usual ly  negl ig ib le  quant i t ies over  a day 's  t ime 
when compared wi th  other  quant i t ies in  the budget .  This  
is  not  t rue for  shor ter  per iods because of  heat  s torage 
dur ing the day and i ts  re lease at  n ight .  Wi th these 
assumpt ions,  
= LE + A .  (2)  
I t  is  possib le to  measure R^,  but  i t  is  qui te  d i f f icu l t  
to  separate the two r ighthand terms to  a l low the desi red 
so lut ion for  LE and thus E.  As a f i rs t  s tep,  Bowen (1926)  
proposed us ing the ra t io  
(3)  
because th is  ra t io  could be est imated wi th  bet ter  accuracy 
than e i ther  of  the terms ind iv idual ly .  Using equat ion 3 in  
equat ion 2 g ives 
LE = (4)  
1+fi 
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Step I I :  Apply ing Dal ton Transpor t  Funct ion 
Bowen's  ra t io  gave l i t t le  advancement  unt i l  va lues 
of  could be determined.  A so lut ion was suggested by 
the ear l ier  work o f  Dal ton ( l802) .  He proposed that  the 
amount  o f  t ransfer  f rom the sur face was a funct ion of  the 
hor izonta l  wind speed and the ver t ica l  gradient  o f  the 
proper ty .  Express ions for  heat  and moisture would be 
A  =  y  f ^ f u )  ( T o - T ; )  ( 3 )  
LE = f^ (u )  (e^-e^ )  (6)  
where :  
y = psychrometr ic  constant  o f  a i r  mb °C~^ 
=  (Cp P ) / ( ^ L )  =  0.667 
Cp = sp.  heat  o f  a i r  = 0.2^2 ca l  g~^ 
P = barometr ic  pressure = 1,000 mb 
g = ra t io  of  mole weights o f  
water  over  a i r  = 0.622 
L = la tent  heat  o f  vapor izat ion _,  
o f  water  =  5^3 ca l  g 
fn(u)  = a hor izonta l  wind funct ion cm sec ^ 
=  a i r  temperature a t  lower he ight  "c  
= a i r  temperature a t  upper  he ight  °C 
Gg = vapor  pressure a t  lower he ight  mb 
@2 =  vapor  pressure a t  upper  he ight  mb 
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Subst i tu t ion of  equat ions 5 and 6 in to  3 gives 
To-Tl  (7)  
Thus,  i f  the Dal ton re la t ions hold,  the Bowen ra t io  can 
be est imated by measur ing the temperature and humid i ty  
gradients above the evaporat ing sur face.  Wi th the advent  
o f  sensi t ive inst ruments in  the past  10 years,  th is  tech­
nique has been used wi th  good success.  Fr i tschen (1965b)  
gave a good account  o f  th is  approach.  The pr inc ipal  
d i f f icu l ty  l ies in  the sensi t iv i ty  of  inst rumentat ion 
requi red.  I f  the lower he ight  is  taken at  ground level ,  
the very d i f f icu l t  measurement  o f  sur face temperature is  
requi red.  
Step I I I ;  Penman's  Psychrometr ic  Assumpt ion 
By a fur ther  assumpt ion,  Penman ( l9 i j-8) was able to  
e l iminate the need of  a sur face temperature and reduce 
the measurements to  only  temperature and vapor  pressure 
def ic i t  a t  a s ing le height  above the evaporat ing sur face.  
He began by consider ing the a i r  in  contact  wi th  a wet ted 
sur face which would be essent ia l ly  saturated wi th  water  
vapor ;  and the a i r  a t  some he ight ,  Z. ,  which would be 
less than saturated.  These condi t ions can be noted on a 
psychrometr ic  char t  as sketched in  f igure A-2.  Point  1  
represents the a i r  near  the wet ted sur face,  and po int  2 
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the a i r  condi t ions at  some height  above the sur face.  By 
the re la t ions of  th is  sketch,  the s lope,  A ,  of  the 
saturat ion l ine at  T j  may be approx imated by 
The saturat ion l ine is  a known re la t ion of  T and e and 
thus A can be found by the der ivat ive de/dT.  Tabled 
va lues of  A/y  are avai lab le (van Bavel  1966) .  A bet ter  
est imate of  A could be obta ined at  the temperature 
(Tq + T^) /2,  but  th is  would requi re an i terat ive solut ion 
wi th  only  s l ight ly  improved va lues.  
Penman (191+8)  combined equat ions 7 and 8 as fo l lows;  
( 8 )  
-2 L 
iA  e  -e ,  
o 1 
By adding and subtract ing e^ in  the numerator  
( b q  - e j )  -  ( e  2  - e ^ )  
(Go -  Gl)  
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and by mul t ip ly ing and d iv id ing by f^ fu)  
^ A ( 9 )  
The Dal ton re la t ion of  equat ion 6 was 
LE = fq(U )  {e^-e  ^  )  
which when subst i tu ted in to both numerator  and denominator  
o f  9 g ives 
LE -  f  (u)  (e 1 " -e  ,  )  
g - 2 !—L 
^ LE (10)  
The term (e^ ~ is  commonly ca l led the vapor  pressure 
def ic i t ,  dg,  because i t  represents the d i f ference between 
actual  and saturat ion vapor  pressures of  the a i r  a t  the 
upper- level  temperature as shown in  f igure A-2.  Equat ion 
10 can be combined in to equat ion I j .  to  g ive 
LE = n_ 
1  +  ( y / L E  -  f p f u P d a  
LE 
LE .  Rn 
LE +(y/ /W(LE -  fo(u)da)  
Rn = LE + % LE _ y  fo(u)da 
LE (1 +21 )  = Rn + _% 
A A 
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LE = Rn +(^4*  fo(" )da 
1 + ( y/A ) 
LE = (A/^)  «n + 
(1 + (A/^)  )  (11)  
Equat ion 11 is  the Penman equat ion,  or  a lso commonly 
ca l led the combinat ion equat ion because i t  combines both 
the ver t ica l  energy budget  and an aerodynamic t ranspor t  
funct ion,  A so lut ion ox '  11 is  possib le by measur ing 
1 .  A i r  temperature a t  height  Z j  
2 .  Dew point  or  humid i ty  a t  height  Zj^  
3 .  Net  rad iat ion 
i- l - .  Hor izonta l  wind movement .  
The a i r  temperature and dew point  measurements a l low ca l ­
cu lat ing the A and d^ terms,  and is  appl ied d i rect ly .  
However ,  the form of  the wind funct ion,  f^ fu) ,  now needs 
to  be considered.  
Step IV;  Turbulent  Transpor t  Theory 
The form of  f^Cu)  must  represent  the ver t ica l  wind 
prof i le  because,  as w i l l  be seen la ter ,  i t  is  through th is  
funct ion that  the ver t ica l  moisture t ranspor t  is  re la ted 
to  hor izonta l  a i r  movement .  Penman f i rs t  appl ied an 
empir ica l  wind re la t ion that  represented the mean condi t ions 
over  oceans (Penman 19l|8). He a lso showed that  th is  
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re la t ion needed to  be modi f ied for  appl icat ion over  
evaporat ion pans and vegetated sur faces.  This  t ranspor t  
por t ion of  the combinat ion equat ion was reevaluated by 
Businger  (195^)  and others who showed that  ver t ica l  
t ranspor t  in  the atmosphere a t  these low levels  is  
most ly  the resul t  o f  turbulent  d i f fus ion and they ap­
p l ied these theor ies.  A br ie f  out l ine of  these consider­
at ions fo l low.  
For  the usual  representat ion of  turbulent  t ranspor t  
phenomena (F leagle and Businger  1963,  p .  182) ,  we can 
wr i te  
Fg = pws (12)  
where 
F^ =  Ver t ica l  t ranspor t  o f  _p _ .  
some proper ty ,  s .  g cm" sec"  
s =  Concentrat ion of  proper ty ,  _ i  
such as water  mass.  g g 
-3  p =  A i r  d e n s i t y  g  c m  
-1  
w = Ver t ica l  a i r  ve loc i ty  cm sec 
For  hor izonta l  laminar  a i r  f low,  w = 0;  thus there would 
be no ver t ica l  t ranspor t  except  molecular  d i f fus ion.  For  
turbulent  a i r  f low,  we need to  consider  the instantaneous 
ve loc i ty  f luctuat ions.  I f  we were to  measure w wi th  a 
fast  response inst rument ,  we would get  a representat ion as 
shown in  f igure A-3.  Thus we can represent  the instantaneous 
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veloc i ty  as the mean va lue w,  p lus some dev iat ion f rom 
the mean,  w ' ,  such that  
w = w + w '  (  13 )  
S imi lar ly ,  we could expect  the proper ty  s to  f luctuate 
about  some mean va lue and thus be represented by 
s =  s + s '  (  1^ )  
Now, us ing these representat ions in  equat ion 12 g ives 
F g =  [pw + (pw) ' ]  (s  + s ' )  ( 1 5 )  
where the bar  Ind icates a t ime average.  I t  can be shown 
that  a t ime average of  a s ing le pr imed or  barred va lue 
would be 0 ,  thus equat ion 15 reduces to  
F s = (pw) '  s '  (  16 )  
which is  the def in ing equat ion for  turbulent  t ranspor t ,  
but  i t  is  not  pract ica l  to  apply  because w'  and s '  are 
very d i f f icu l t  to  measure.  
To ar r ive at  a more usefu l  concept  but  not  one which 
increases our  understanding,  a phys ica l  model  o f  how 
turbulent  t ranspor t  might  occur  was created (F leagle and 
Businger  1963,  p .  l85)« AIr  was considered as d iscrete 
moving par t ia ls  which possess the proper ty  of  the i r  sur­
rounding a i r .  They mainta in that  proper ty  when moved 
ver t ica l ly  to  some other  level  where they d ispense the i r  
proper ty  and assume the condi t ion of  the a i r  a t  that  level .  
This  concept  is  known as the mix ing length model  and may be 
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v isual ized as shown in  f igure A~j | .  Just  as the ve loc i ty  
f luctuated about  some mean,  these par t ia ls  of  a i r  move 
away f rom the i r  mean e levat ion in  vary ing d is tances® The 
mean o f  these d is tances represents the average ver t ica l  
movements and is  ca l led the mix ing length,  1 .  
How th is  random a i r  movement  accompl ishes t ranspor t  
can be v isual ized by not ing a typ ica l  ver t ica l  d is t r ibut ion 
of  some proper ty ,  s ,  as sketched in  f igure A-I ( . ,  Those 
par t ia ls  moving upward f ind themselves in  a reg ion of  
lower concentrat ion and add to  the i r  envi ronment ;  downward-
moving par t ia ls  f ind themselves in  a region of  h igher  con­
centrat ion and absorb f rom the i r  envi ronment .  These move­
ments resul t  in  a net  upward t ranspor t .  
Based on th is  mix ing length model ,  
s  '  = 1 (17)  
a z 
Combin ing th is  in to equat ion l6  g ives 
Fg =  (  n  w )  '  1  a s  
9 2 
and i f  a i r  densi ty ,  p  ,  is  considered a constant  
Fq,  =  P w'  1  Ô s  
"TT 
An eddy d i f fusIv i ty  factor  ( turbulent  t ransfer  coef f ic ient )  
may be def  ined as 
K = w'l 
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thus :  
Fg =  P K (18)  
Ô Z 
Equat ion l8  represents the ver t ica l  t ranspor t  o f  a proper ty  
s and can be appl ied i f  the densi ty ,  eddy d i f fus iv i ty ,  and 
proper ty  gradient  are known.  Common forms of  th is  equat ion 
are wr i t ten for :  
Heat  =  -  PCp ^ a T -  ^  ]  ca1 cm'^  sec~^ (19)  
Ô ^  
Water  Vapor  Fg = -p  L Kg a q g cm ^  sec"^ (20)  
a z  
_ 2  1 Momentum F_ = -p B û  q cm sec"  (21)  
TT 
where :  
^h> ^  = respect ive eddy d i f fus iv i ty  values 
X = adiabat ic  cool ing rate °C cm~^ 
- 1  q = water  vapor  concentrat ion g gm 
-1 
u = hor izonta l  wind movement ,  m sec 
Again,  these equat ions are not  usefu l  wi thout  some basis  
for  est imat ing eddy d i f fus iv i ty  values.  For  the case of  
momentum t ranspor t ,  the phenomenon can be def ined by the 
use of  Newton 's  laws of  mot ion to  arr ive at  va lues for  
^m* assuming that  the turbulent  t ranspor t  o f  
water  vapor  can a lso be obta ined.  The equat ion of  mot ion 
for  a turbulent ,  non-v iscous f lu id  is  the Navier-Stokes 
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equation (Sutton 1953, P* 16) 
^  =  -  B  P  +  a ( -  0  u ' w ' )  (22)  
^  dt  ax 32 
which can be in t repted as:  
(Mass)  (accelerat ion)  = pressure + Eddy shear  
force s t ress force 
The last  term conta ins the eddy shear  s t ress 
T  
' = - A u'w' (23-) 
Equat ion 23 is  equal  to  the t ranspor t  equat ion l6  when 
s '  = u ' .  Thus J- '  represents the ver t ica l  t ranspor t  o f  
momentum, F^.  Again consider ing the mix ing length model ,  
equat ion 17 shows that  
S '  =  1 ?>i  
az 
Thus,  we s imi lar ly  can wr i te  
u '  = 1 aû (21).) 
az  
I t  has been found that  
u ' % w '  
thus combin ing 2Lj. with 23 f  or  both u '  and w'  g ives 
T '  ~  ~  n i ^ r  a  u  1 2 (25)  
L az J 
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It has also been shown that the mixing length, 1, is a 
function of distance above the surface, such that 
1 = k Z (26) 
where k is a proportionality factor (usually a constant) 
of about O.ii and known as von Karman's constant (Fleagle 
and flusinger 1963, p. l88). Combining equation 26 with 
25 gives 
(27) T ' = - p AÛ ) u 
ôZ 
The second gradient term is included in absolute brackets 
to that the negative sign will cancel. Within the few 
lower meters of the atmosphere, ^ ' can be regarded as a 
constant without introducing a significant error. This 
assumes only mechanical turbulence, but a correction for 
thermal turbul .ace is sometimes added. Equation 27 is 
often rewritten (by dropping the negative) 
/l—ll) =/I ^2 ^ 2 ^ 2 dû (28) 
p ' ^ (2/ J 9Z 
The left-hand term has units of velocity, and is usually 
def ined 
U* = (29) 
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where u'"' is called the friction velocity and is considered 
a constant. Thus, 
u" = kZ S ^  
Ô Z 
G r 
a Q = a z (30) 
If equation 29 is integrated between two levels, u^ at Z 
and u^ at Z^, then 
2, 
Ui - Uo = In (—Â— ) 
or 
= Inlz.X) (3.) 
This form allows evaluating u^*" by measuring û at two levels 
Combining 31 with 30 gives 
3 Û _ 1 ("1 - "o) 
a Z Z ln(Zi/ZoJ (32) 
which is an equation of the mean horizontal wind velocity 
profile based upon the turbulent theory Just outlined. 
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To continue the task of defining j* and a relation 
describing substituting 32 into 27 yields 
C ln(—i-) ] 
Z, 
'o 
or 
T' = - p ("1 - "o)2 
[ InfZi/Zo)] 2 (33) 
Just after equation 23 we noted that 
T' = fm 
that is, equations 23 and 21 are comparable. Thus we can 
also set the right-hand sides of 21 and 33 as being equal; 
which gives 
- p ^  _a_û ^ - pk^ (uj - Uo)2 
2 
[ In ( z„) ] 
Substituting 32 into the left side, 
.2 
\ = k^ (^1 - "p) 
Z P 
In (Zi/Zo) [ In (Zi/Zo)]"' 
and solving for gives 
Km ^'"1 ' (34) 
ln(Zj/ZJ 
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This now provides a means of evaluating the eddy diffusivity 
for momentum transfer by measuring the horizontal travel at 
two elevations although the Z term associated with the 
mixing length remains ambigous. We have arrived at 
equation 3l(. by applying laws of mechanics which describe 
mass movement, and the mixing length model. 
For the transfer of heat or water vapor we have no 
such laws to bring to bear, but it has been found that 
the assumption 
*5= «h 
carii be applied In most cases without large errors (Fleagle 
and Businger 1963, p. 193; Tanner 1967, p. 5^6). This 
seems logical because each property moves with the 
turbulent air. Thus, if we consider Kg as the right 
hand side of equation 34 snd assume a log profile of 
specific water vapor content, q, expressed similar to 
that for wind velocity given by equation 32 except with 
reversed order due to higher concentrations nearer the 
ground, then 
= 1 So - Ql 
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Putting equations 34 and 35 into the transport equation 
20 gives the vertical transport of water vapor as: 
Fe  =  - p L  ^  -  " o '  :  
ln(2j/Zjj) Z In (Z,/Z^) 
-  p L  k  ( u ,  -  u ^ )  -  q j )  
[ in (Z,/ZJ (36) 
To relate specific humidity, q, (grams of water vapor per 
gram of dry air) to vapor pressure, the following relation 
is applied 
_ mass water . e 
~ mass dry air P (37) 
where e is the water vapor pressure and P is total atmos­
pheric pressure. The mass ratios may be reduced to molecular 
weight ratios, thus 37 becomes 
q = 0.622 e 
P 
or 
q = 4 6 (38 ) 
P 
Thus J the vertical transport of water vapor can be repre­
sented by turbulent transport theory by substituting 38 
22k 
into 36 which gives; 
pR = ^ 
(39) 
which expresses the vertical transport of water vapor in 
terms of turbulent flow and vapor pressures. Because we 
set out to define the f^fu) in the Dalton transport 
equation, it will be useful to rewrite equation 6. 
Both LE and Fg represent water vapor transport, thus the 
right sides of equation 6 and 39 must also be equal. By 
inspection we note that the bracketed terms on the right 
side of 39 must equal f^Cu) such that 
This then provides the f^fu) function for equation 11 
which is consistent with the current representation of 
turbulent transport over rough surfaces. 
In deriving equation 11, we reduced our measurements 
to one height by considering 2^ near the ground surface, 
or at least near the evaporating surface such that the 
air could be considered saturated» We similarly can take 
Zq in equation I4.O as that elevation where equals zero. 
LE = fo(u) (e^ - ej) ( 6 )  
(40) 
22^ 
This represents a logarithmic wind profile whose zero 
velocity would be slightly above the existing boundary. 
It is common to substitute 2^-d for , where d is a 
wind profile displacement height caused by crops taller 
than clipped grass (Sellers 196^, p. l^O). 
The two equations 11 and l\.0 combine to form; 
. ,2 (il/y ) Rn + (K L da u^) 
^ 0  
LE = 
1  +  ( A / y  )  ( k l  )  
where 
K = -
P (42) 
This is the Penman combination model. All terms in K and 
the value of L are treated as constants in most applications, 
Care must be exercised to maintain consistency in the units. 
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The symbols, definitions, and representative units are: 
E = potential évapotranspiration rate cm. day"^ 
A = slope of psychrometr ic saturation o 
1 ine mb C 
o __ 2 
y ~ psychrometrIc constant mb C 
—p — 1 
= net radiation flux cal cm" day" 
L = latent heat of vaporization cal g ^ 
dg = saturation vapor pressure 
deficit of air ( e ^  -  e ^ )  m b  
Ug = windspeed at elevation m day~^ 
Zg = anemometer height above soil cm 
d = wind profile displacement height cm 
Z q = wind profile roughness height cm 
p = air density g cm"^ 
k = von Karman coefficient (0.i|l) 
4 = water/air molecular ratio (0.622) 
P = ambient air pressure mb 
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Rn 
LE 
Figure A-1. Major vertical energy components during 
daylight conditions for an agricultural 
field 
Slope (A) of the 
Saturat ion L ine 
F i g u r e  A - 2 .  
TEMPERATURE, ' 'F 
Schematic of psychrometric chart for 
demonstrating Penman's assumptions 
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z -
(/) </) 
TIME, miliseconds 
Figure A-3. Schematic of instantaneous vertical wind 
velocities 
CZ) 
? 
O oa lO—^ 
Î 
cD 
DISTANCE, meters 
t \ 
\ 
-#* 0 -
CONC. OF s, 
ppm 
Figure A-i}.. Definition sketch of mixing length concept 
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APPENDIX B 
REVIEW OF WIND PROFILE PARAMETERS 
Introduction of the aerodynamic features into the 
combination ET model can be followed in detail in the 
complete derivation given in Appendix A. Briefly, it 
involved the use of the turbulent diffusion theory and 
the logarithmic wind profile, whose parameters Z, Zq, 
and d appear in the aerodynamic transport term of the 
combination equation. 
van Bavel (1966, p. 1^58) acknowledged that to obtain 
accurate working values for these wind parameters was dif­
ficult, but he showed that a 10% error in the wind profile 
terms would cause only to 1% error in the calculated 
PET values. However, Skidmore, Jacobs, and Powers (1969), 
Rosenberg et al. (1968), and the author have all found 
that calculated PET values are often more sensitive to 
these wind parameter values than suggested by van Bavel. 
Therefore, for successful application of the combination 
model, considerable attention must be given to the accurate 
representation of these aerodynamic terms. 
It has been quite well established during recent 
years that the logarithmic wind profile can give realistic 
representation to the wind profile under conditions of bare 
soil, open water, or short grass--all under near adiabatic 
230 
conditions and adequate fetch (Webb 1970, O'Brien 196$, 
Wright and Lemon 1966). As conditions deviate from these 
different wind profiles develop which require different 
descriptive parameters. Thus, in addition to the wind 
speed variation throughout the day, the wind profile 
parameters also vary during the day depending on such 
factors as lapse rates, wind speed, and soil and crop 
conditions. And variations also occur over longer time 
periods as crops grow, mature, and are harvested, soil 
moisture conditions change, and average daily wind speeds 
vary. Thus, to measure the wind profile at any instant 
or an average profile over a short time interval gives 
only that profile and does not represent the profiles 
that exist at other times within that day or the days to 
follow. 
The logarithmic wind profile is most commonly 
wr itten; 
* , ,, , 
K Cq  .  
In the solutions of this relation with wind profile 
measurements, u and k are treated as constants, Z is the 
height of measurement, and d and Z are parameters for 
which values are usually determined by graphical or least 
square treatment of wind data taken at several levels 
(Robinson 1962). Many profiles have been measured and 
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characterized using this model, but it is yet quite 
difficult to predict useable values of the parameters 
d and because of the many factors which affect the 
wind profile development. 
Roughness length, is the most difficult to assess. 
Its solution from profile data is quite sensitive to anemo­
meter placement and errors, and its relation to soil and 
crop conditions somewhat ambiguous. As the height where 
the mean wind velocity is 0, Z^ must exist somewhere be­
low the top of a crop; but the distance of penetration 
depends on crop density and form. On a 1.6-cm lawn, Zq 
becomes a very small value such as O.I6 cm, and it ranges 
up to 300.0 cm for a 2700-cm pine forest (Szeicz et al. 
1969). Over tall crops, the effect of increased wind 
speeds bending the crop and thus reducing the value of 
Zq has been shown several times; for example this effect 
was shown by Rider (19^^) over oats, Udagawa (1966) over 
barley, and Szeicz et al. (1969) over pine forest, potatoes, 
and lucerne. In most cases, Z^ was shown to decrease 
exponentially as wind speed increased. 
The zero plane displacement, d, is dependent on both 
crop height and crop density. By definition, d equals 0 
for bare soil or open water conditions. Only when crops 
become sufficiently tall and dense so that the wind profile 
essentially develops above this new surface doer, it become 
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necessary to correct for this upward displacement. In 
practice, d is usually calculated from profile measure­
ments by trial and error until a best fit of the data to 
the logarithmic profile is obtained; which also then de­
fines a value. Many have shown that d does not vary 
with wind velocities or deviations from adiabatic conditions 
(Szeicz et al. 1969), although others show such relations 
(Rider 19^^, Udagawa 1966). A single value is often used 
to represent a cropped surface for one to several days 
(Szeicz et al. 1969, Lemon 1963). 
To apply the combination potential ET model, it is 
necessary to arrive at useful and realistic daily values 
for the wind parameters d and Z^. To define daily potential 
ET values throughout a growing season, these parameters 
must be an average of any daily variation, but be varied 
on a day-to-day basis as aerodynamic and surface conditions 
change. To predict these daily values, it then becomes 
necessary to select observed values from the literature, 
sort out those effects that cause significant day-to-day 
variation and those that can be averaged, and then relate 
these effects to field observations such as crop height, 
crop canopy, and average daily wind velocity. 
The effects of large topographic land features are not 
often discussed in connection with boundary layer wind 
profiles. Nearly all verification efforts of the logarithmic 
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profile have been made over large, level fields or bodies 
of water. Yet in applications, effects of slopes, ridges, 
valleys, and orientation with respect to wind direction be­
come a factor. The magnitude of these effects is quite 
variable and their overall affect unassessed. On a water­
shed basis, the orientation of the entire watershed may 
become important if winds are predominantly from one di­
rection. As the relief becomes steeper, these topographic 
effects become more pronounced. There seems to be little 
current methodology available to account for this 
topographic-aerodynamic effect. However, under mild 
relief such as that found in the Midwest plains, it may 
not be highly significant. 
Wind profile characteristics from several references 
are summarized in table B-1. Although there is obviously 
great diversity, there are also some common strains. First, 
with respect to displacement height, d, these data tend to 
indicate that this parameter is closely related to crop 
height; in fact most researchers show it as a ratio with 
crop height (Webb 1965, Rider 1954)* However, this ratio 
logically varies with crop canopy density, because an open, 
sparse crop would certainly not displace the profile up­
ward the same amount as a very dense crop of similar height. 
The effect on d of a varying wind velocity seems yet un­
resolved. Some researchers, such as Rider (19S4), Lemon 
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(1963), and Udagawa (1966), show definite wind effects; 
while others such as Szeicz et al. (1969) show d to remain 
nearly constant for crops of potatoes and lucerne. There 
are at least two reasons that d should vary. First, if 
the crop bends because of the wind to the extent that 
its profile is less, the effective displacement may be 
reduced. Secondly, with increased wind velocity, the 
turbulence will increase and penetrate farther into the 
crop canopy, which will have the effect of decreasing the 
wind profile displacement. 
From these data and rationale, it seems logical to 
develop a working relation in which d is a function of: 
(1) crop height, H,(2) crop canopy, and (3) wind speed. The 
relat ionship 
d = (0.80) (% Canopy) d (H) (B-l) 
d2 
was empirically developed to define these effects. The 
ratio d/dg represents the relative d values compared with 
-1 
those at a wind speed of 2 m sec , and suggested values 
versus wind speed are shown in figure B-l. These were 
estimated with guidance from data of Lemon (1963). The 
percentage of canopy is subject to interpretation but 
should be estimated according to ease of turbulent 
penetration. Equation B-l will yield d = 0.96 H for very 
light winds and a solid canopy; but even under dense grass. 
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the maximum canopy density is probably never greater than 
85%, in which case d = 0.82 H. Under moderate wind 
conditions of 6 m sec \ d = O.6O H for this same canopy. 
For a more sparse canopy of i|0^, d = 0,23 H at moderate 
wind. The canopy percentages estimated in the field work 
of this study were based on the possible penetration of 
direct radiation; thus, these percentage estimates should 
be lowered, perhaps by 20%, when used for turbulent 
pénétrât ion. 
By combining the results of several studies, it is 
generally agreed that values vary mostly with crop 
height and wind velocity. There is not a good concensus 
to show how these should be related. Many other factors 
such as crop form and stiffness apparently have enough 
effect that they cloud the issue. 
Several have shown that can be related to crop 
height quite well by use of a logarithmic relation as 
summarized in table B-2. The several relations seem to 
be quite similar, but some of the same data are used in 
several cases. Szeicz et al. (1969) made one of the latest 
and most complete summaries; thus, their relationships will 
be applied. Note that a relationship is given for maize 
and sugar cane and another for other crops; with the 
Justification that tall, stiff crops bend and streamline 
d ifferently. 
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Nearly all serious aerodynamic studies have shown 
that Zq is a function of wind velocity and usually decreases 
exponent la 1ly with increased wind. However, useable working 
relations are rarely given. Lemon (1963, p. 39) gave a set 
of "idealized" Zq values as a function of wind velocities 
for alfalfa, corn, and wheat. These were estimated from 
data collected at several sites. Data showing the variation 
of ZQ with wind, as compiled by other investigators, are 
summarized in table B-1. From these several sources, a 
working relation was estimated for crops of corn and grass 
and is shown in figure B-2. The brome grass curve was 
derived mostly from alfalfa data from Lemon (1963), and 
the corn curve is a modified version of a corn curve 
from the same reference. The original curve showed the 
corn Zq increasing fivefold from 2 to 8 m sec"^. This 
seemed somewhat unrealistic, so I reduced this ratio to 
2.5 times over this same wind range. Note that the corn 
Zq continues to increase until quite strong winds prevail, 
whereas the grass Z^ increases only up to about 2 m sec"^ 
and then declines. This point of change is generally 
attributed to the plant structure and its flexibility. 
Grass bends and streamlines much sooner than the corn­
stalk and its leaves. Corn is also a much more "open" 
crop and thus allows deeper turbulent penetration as the 
turbulence increases with increased wind speed. 
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Note that the wind speed 2 m sec ^ (i|.5 mi hr ~^) at 
a height of (d + 2) meters was chosen as the point with 
unity ratio in both figures B-1 and B-2. This was sug­
gested by Szeicz et al, (1969) as a mild-to-moderate wind 
speed which approximates the conditions under which many 
of the aerodynamic studies were made. 
The use of these working relations for calculating 
d and values is demonstrated in table B-3 where a set 
of typical values is shown. The effects of crop height, 
canopy, and wind can be seen. The corn values are 
particularly interesting due to the large change in 
crop height and canopy conditions.The last two data sets 
show the effects of leaf drop and canopy reduction in the 
late fall with no height reduction. The reader is cautioned, 
however, that and d values predicted by these relations 
did not provide reliable solutions when applied in the 
combination ET equation. A more thorough discussion is 
given in the chapters on data reduction and calculations. 
Table B-1. Summary of wind profile parameter values from various references 
Ref erence Crop H 
cm 
d 
cm 
Zo 
cm 
Notes 
Sze icz 
et al, 
(1969) 
Udagawa 
(1966) 
Lemon 
(1963) 
Kung 
(1961) 
Webb 
(1962) 
Potatoes 
Lucerne 
Barley 
60 
60 
d/H' »0.8 
'O.3 
Alfalfa 
Wheat 
75 
100 
Idealized Summary 
Alfalfa 
Corn 
Wheat 
Corn Field 
Brush field 
General crops 
70-90 
130 
20 
28 
« 50 
100-30 
88 
125 
d«h/2 
wind 
weak strong 
4 
8 
10-30-10 
1+ - 12 
5-20-1 
5-15-25 
3-13-3 
15.7 
Zo=f(u ) 
tf 
u < 2 m sec 
u> [). m sec 
- 1  
- 1  
Zo=f(u), bell shaped 
d and Zo = f(u) 
weak to strong wind 
no streamlining 
bends harder than 
alfalfa 
Table B-1, Continued 
Reference Crop H 
-CDL 
d 
_S2L 
Rider 
(1954) 
Sutton 
(1953) 
Ctets 
Oats 
Lawn 
Thin grass 
Thick grass 
Thin grass 
Thick grass 
Short grass 
Long grass 
80 
30 
< 1  
< 1 0  
<10 
<50 
<50 
1-3 
60-70 
d/h «0,5 
»0.2 
d/h »0.5 
0 
30 
Deacon 
(1953, as summarized 
by Kung 1961) 
Smooth mud 
Smooth snow on short grass 
Sea 
Zo 
am. 
Notes 
u > 4  m  
u < 1 m 
u = 1 to 
— 1 
sec . 
* 1 
sec 
I4. m sec 
Zo decreases with 
increasing U. 
0.5 
3.0 
-1 
for u = 5 in sec 
at 2 meters height 
.001 
.005 
.02 
T a b l e  B - 1 .  C o n t i n u e d  
Reference Crop H d Zo Notes 
cm cm cm 
Deacon 
(1953, as summarized 
by Kung 1961) continued 
Desert 
Snow 
Mown grass lo5 
3.0 
45. 11 
Long grass 
.03 
.10 
0.2 
3.7 
2 .I4. Vg = 2 m sec 
1 . 7  Vg =  6  to 8  m sec 
— 1 
9.0 Vg = 1.5 m sec_j 
6.1 Vp = 3.5 m sec_2 
3.7 V2 = 6.2 m sec 
Table B-2. Summary of prediction equations for roughness parameter, Zo 
Reference Equation^ Notes 
Sseicz et al. (1969)^ log^g Zo = -0.98 + log^Q H All crops except maize 
and sugar cane. 
log^Q Zo = -1.6 + 1.1 log^Q H Corn and sugar cane 
Kung (1961) log Zo = -1.2^ + 1.19 log H 
Tanner and 
Pelton (I960) log Zo = -O.883 + 0.997 log H r = 0.97 
^ Zo = roughness parameter, cm. 
H = crop height, cm. 
^ Summarizes the work of six other sources. 
21^ .2 
Table B~3. Example values of calculated wind profile 
parameters Zq and d 
H C* U Z„.2 dj Z„ d 
cm % m sec cm cm cm cm 
GRASS 
2 50 1 .21 O.6I4. 0.147 0.704 
2 .210 .640 
i|, .126 .550 
8 .073 .384 
20 95 1 2.09 12.2 1.46 13.4 
2 2.09 12.2 
20 5 
4 1.25 10.5 
8 
.73 7.3 
CORN 
1 .0252 0.0 0.0138 0.0 
2 .0252 .0 
k .0428 .0 
8 .0630 .0 
1 
.676 .64 0.372 .70 
2 .676 . 64 
k 1.15 • 55 
8 1.69 .38 
These canopy values were based on radiation penetration 
and were reduced 20% for profile displacement calculations. 
^Before planting. 
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T a b l e  B - 3 «  C o n t i n u e d  
H 
cm 
u 
m sec 
1 ^0-2 
cm 
^2 
cm 
2o 
cm 
d 
cm 
182 60 1 7.5# 93.2 4 . 1 7  102.5 ( 6 ' )  2 7.58 93.2 
4 12.91 80.2 
8 18.98 55.8 
2k3 90^ 1 10.46 140. S.76 154. 
(8') 2 10.48 140. 
4 17.82 120. 
8 26.20 64. 
243 60" 1 10.48 93.3 5.76 102.5 
(8') 2 10.48 93.3 
4 17.82 80.2 
8 26.20 55.8 
^Mid-August. 
^Late September. 
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3.0 
2.0 
•O 
Figure B-1. Wind effects on d for corn and grass 
3.0 
Figure B-2. Wind effects on 
